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Abstract 
An highly structured SnD2:FITi02/ln(OH)xSy/Pb{OH)xSy/PEDOT:PSS/Au eta solar cell based on the dye 

sensitized solar cell device concept, has been developed and investigated using various techniques. In this 

device, fluorine doped tin oxide coated glass (Sn02:F) has been used as the substrate material, Ti02 and 

PEDOT:PSS serves as the wide band gap n- and p- type electron and hole conductors, respectively, 

ln(OH)xSy is used as the buffer layer, while Pb(OH)xSy together with the buffer layer provides a good inter­

face for light photon absorption. The back contact of the solar cell is Au, while the front contact is provided 

by Sn02:F coating on the substrate. Other devices with simplified structures for photovoltaic application 

have also been fabricated. The thin film layers of Ti02 ln(OH)xSy, and Pb(OH)xSy have been characterized 

by surface photovoltage spectroscopy {SPV), X-ray photo- and Auger- electron spectroscopy (XPS, XAES), 

scanning electron spectroscopy {SEM), and energy dispersive X-ray spectroscopy (EDX) mapping. 

The ln(OH)xSy modified eta solar cell and the devices with simplified architecture were analysed at room 

temperature by J - U characterization and the following values were recorded: 

Sn02:FITi02/ln(OH)xSy/Pb(OH)xSy/PEOOT:PSS/Au (Jsc = 7.4 mA/cm2, Uoc = 281 mV, FF = 0.40, T1 = 

0.83%), Sn02:F/ln(OH}xS/Pb(OH)xSy/PEDOT:PSS/Au (Jsc = 4.95 mA/cm2, Uoc = 314 mV, FF = 0.40, T1 = 

0.61%), Sn02:FITi02/In(OH)xSy/Pb(OH)xSy/Au (Jsc = 6.16 mA/cm2, Uoc = 344 mV, FF = 0.44, T1 = 0.94%), 

SnOi F/In(OH)xSy/Pb(OH)xSy/Au (Jsc = 5.33 mA/cm2, Uoc = 297 mV, FF = 0.41 , T1 = 0.65%). Light soaking 

has been found to improve photovoltaic parameters of eta solar cell and those of devices with reduced 

number of layers. The conversion efficiency and short circuit current density have been found to increase 

with light soaking duration by a factor of about 1.6-2.7 and 2.1 - 3, respectively. Different layer materials 

have been found to play different roles, Ti02 has been found to improve the photoelectrical properties of 

the solar cell, ln(OH)xSy has been found to act as recombination barrier and also it forms good interface 

with ln(OH)xSy/Pb(OH)xSy making it possible for the solar cell to function, while PEDOT:PSS serves as the 

protective layer of the Pb(OH)xSy against photo-degradation and diffusion of Au back contact atoms into the 

bulk of the solar cell structure which shunts the device. 

Furthermore, current transport mechanisms studies of the highly structured eta solar cell have also been 

carried out by intensity and temperature dependent JU - T characterization method. The solar cell has 

been characterized in the temperature range of 200 - 320 K at illumination intensities ranging from 0.05 
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mW/cm2 to 100 mW/cm2• The diode ideality factor under illumination has been found to vary 

tween 1.2 ~ A ::::;; 1.6, whereas in the dark it was found to be between 6.9 ::::;; A ~ 10.1. The eta solar 

cell has been found to undergo thermally activated recombination when under illumination, while tunneling 

enhanced recombination dominates the current when the solar cell is In the dark. The solar cell conversion 

efficiency has been found to show logarithmic dependence on illumination intensity in the temperature 

range investigated achieving its maximum at 45 mW/cm2. Lastly, series resistance of the device has been 

found to decrease with increasing temperature, this behaviour has been attributed to the number of availa­

ble charge carriers due to the effect of thermally activated recombination process. 
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CHAPTER 1 

Introduction 

1.1 Introduction 

In the 21 st century, environmental destruction and global warming are some of the gravest issues which are 

threatening the continued existence of both flora and fauna on planet Earth. Unfortunately, the present-day 

energy supplies which account for approximately 87% of the total supplies (solid fuels= 100,395 PJ; liquid 

fuels= 147,480 PJ; natural gas= 95,543 PJ; hydro electric= 24,792 PJ; and nuclear= 25,564 PJ, Total 

supplies= 393,773 PJ: all units in PJ = peta joules; the list excludes biomass energy and other sources like 

wind and solar energy) are principally responsible for the anthropogenic greenhouse effects, acid rain, and 

other multifarious negative impacts on health and the environment There is a need for greener 

(environmentally friendly source) and renewable sources of energy to supplement the current mainly fossil 

fuel such as natural gas, petroleum, hard and brown coal, if the global warming effects are to be kept within 

tolerable limits (Granqvist, 1991; Schmela, 2003; Quasching, 2005). 

The main source of renewable energy is the sun with energy reaching the earth surface annually being 

approximately about 3.9 x 1024 J = 1.08 x 1018 kWh. This is about 10 thousand times more than the 

contemporary annual energy demand and much more than all available energy reserves on earth. There 

are two methods on how this enormous energy can be transformed into useful energy: (i) use of 

technological systems for direct solar energy conversion, that is, by converting incoming solar radiation 

directly into usable energy, examples of such technologies are: solar thermal power plants, photolysis 

systems for fuel production, solar collector for water heating, passive solar heating systems, and 

photovoltaic solar cells for electricity generation, and (ii) use of technological systems for indirect methods 

of solar energy conversion, examples are: wind power for wind turbine electricity generators, river water 

which after the process of evaporation and condensation into rainfall can be utilized later as hydroelectric 

power and geothermal energy, and lastly, plant growth for biofuels energy, which mainly includes biodiesel, 

bioethanol, biomass and biogas(Quasching, 2005). 

The work reported in this thesis is on photovoltaic solar cell technologies which utilise direct solar energy 

conversion. Photovoltaic is a term applied to conversion of solar energy into usable electrical energy which 

may be utilized immediately or stored. Photovoltaic solar cell is considered a major candidate for obtaining 
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energy from the sun, and three reasons can be put forward for the general worldwide interest and research 

investment in this area: (i) Its long term energy potential is enormous and the scientific community have 

estimated renewable energy sources to grow from the current 12.7% to 20% by 2020 and going by the 

current trend the projections show it will reach 50% by 2050 if global warning threats are to be kept at bay 

and within the tolerable limits. The growing worldwide demand for electrical energy will be accompanied by 

a geographical shift since the largest growth rate will be located in developing countries. Demographers 

have estimated that, in not so distant future, 40% of the world population will be living in villages of 

developing countries where decentralized electricity generation is necessary, and stand alone systems will 

be the most ideal (Overstraeten and Mertens, 1986; Green, 1992), (ii) Investments in photovoltaics will help 

reduce poverty in developing countries and lessen the probability that armed conflicts will arise over the 

access to the oil resources concentrated in a few regions of the world {Schmela, 2003; Overstraeten and 

Mertens, 1986). (iii) Photovoltaics make use of semiconductors and, from the viewpoint of materials and 

processing technology is related to microelectronics hence investment in photovoltaics is also support to 

microelectronics industry (Overstraeten and Mertens, 1986; Sze, 1997; Quasching, 2005). 

The modem age of solar cell technology dawned in 1954 when Chapin, Fuller and Pearson working at Bell 

Telephone Laboratories developed the first working p - n junction type of solar cell using silicon (Chapin, 

et. a/., 1954). At present, practical and reasonably priced monocrystalline. polyscrystalline and arrnophous 

silicon solar modules with efficiencies between 7% - 21% are already available in the market. However, 

these types of solar cells are minority carrier type of devices and the cell design requires high purity 

materials making these devices expensive for large scale utility supply {Chapin, et. af., 1954; Overstraeten 

and Merten, 1986; Green, 1992). 

Dye sensitized solar cell (DSSC) device invented by Brian O'Regan and Michael Gratzel at Ecole 

Pofytechnique Federate de Lausanne, Switzerland, in the 1990s (O'Regan and Gratzel, 1991) is one of the 

most promising type of cheap alternative device to the expensive silicon solar cells. The dye sensitized 

solar cell is a majority carrier type of device made up of mainly nanoporous titanium dioxide (np- Ti02) thin 

film which is covered with dye monolayer and then a liquid electrolyte is applied, the front electrode is 

provided by the Sn02:F glass substrate while the counter electrode is made from platinum coated glass. 

When light photon impinging on the solar cell through the Ti02 window layer, charge separation occurs and 

it is transported by diffusion giving electrons charge into the pigment soaked nanoparticles and the holes 
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into the electrolyte. Recent results on these type of devices have shown conversion efficiency of about 

11 .1% (Chiba, et. a/., 2006} which is still half that of crystalline silicon. Although DSSCs are low cost in 

production, a number of challenges have to be overcome before these devices can serve as cheap 

alternative sources of energy. The main drawback is traced to encapsulation of the liquid electrolyte which 

is causing a serious technological problem, evaporation of the liquid electrolyte due to imperfect sealing of 

the solar cell and degradation of the components (dye absorber material and liquid electrolyte} especially if 

there is ingestion of water moisture and oxygen in the DSSC solar cell structure. 

To overcome these limitations, studies to find an alternative replacement for the liquid redox electrolyte in 

the dye sensitized solar cell are in progress, with other options including: (i} polymer alternative materials 

(Matsumoto, et. at., 1996; Murakoshi, et. at., 1998; Yanagida, et. at., 1999), (ii) a mixture of three solid salts 

as solvent free alternative which so far has realised 8.2% conversion efficiency (Bai, et. at., 2008) and 

lastly, (iii) inorganic semiconductors as solid state sensitizer (Siebentritt, et. at., 1997; Kaiser, et. at., 2001 ; 

Bayon, et. at., 2005, 2006; Oja, et. at., 2006; Gavrilov, et. af., 2006). This thesis focuses on the research 

work done on the latter. A solid state type of device based on the novel extremely thin absorber (eta} solar 

cell concept where Pb(OH)xSy absorber is proposed as an alternative sensitizer for a solar cell device 

developed on highly structured SnOiFm02/ln(OH}xSy/Pb(OH}xSy/PEDOT:PSS/Au structure. In this solar 

cell device Sn02:F is the transparent conducting oxide (TCO} used both as the substrate material as well 

as front contact of the solar cell, Ti02 is the highly structured window layer and n- type semiconductor, 

ln(OH}xSy is the buffer layer, PEDOT:PSS and Au/ C are the hole conductor and solar cell back contact, 

respectively. 

1.2 Statement of the problem 

Eta solar cell is a novel concept envisaged to yield high conversion efficiency using inexpensive materials 

and production methods at ultra low cost scale. Eta solar cell is a majority carrier device which does not 

need highly purified materials unlike silicon solar cell. The idea of making a solar cell with extremely thin 

absorber was based on the fact that the photo - excited charge carriers have to be transported across the 

absorber to the contacting n- and p- type wide band gap semiconductor materials, a vastly reduced local 

absorber thickness will result in considerable collection probability of charge carriers. 
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Solar cell device based on this concept using Pb(OH)xSy absorber with an engineered band gap and then 

sandwiched between highly structured n- type Ti02 micro-porous semiconductor and p- type organic 

semiconductor of PEDOT:PSS has never been fabricated. Furthermore, study on generation and 

recombination mechanism as well as the effects of light soaking in eta solar cell devices have also never 

been analysed ever since the inception of the idea of eta device in the 1990's by Professor Konenkamp's 

group (Siebentritt, et. a/., 1997) working at Hahn Meitner Institute. 

1.3 Significance of the study 

The novel eta solar cell is based on the dye sensitized solar cell concept, so far efficiency of 11.1% has 

been reported on the latter (Bai, et. a/., 2008) making these type of solar cells potential candidates for 

alternative low cost source of energy as compared to silicon based solar cells. The silicon raw materials are 

badly needed in microelectronics industry and the extra demand makes silicon based solar cell devices 

unaffordable to those living under US $ 1 a day in the developing world where stand alone systems are 

popular. 

Eta solar cell was developed as an alternative solvent free device to overcome encapsulation problems 

being encountered in DSSC, furthermore the low cost techniques used in developing eta solar cell devices 

such as chemical bath deposition, successive ionic layer absorption and reaction (SILAR) or soliJel 

technique do not require huge capital base to set up and are cheap to scale up for large scale production of 

solar modules which can be used in standalone system or large solar farms for utility supply in national 

grid. 

This study is important since it forms basis for: (i) understanding fundamental technologies in solar cell 

fabrication and characterization which is important for knowledge base and capacity building in area of 

photovoltaics, (ii) possibility of developing new materials through interfacial diffusion when materials are 

deposited by either chemical bath deposition or SILAR technique, and (iii) fabrication of medium sized 

tandem solar cell through stalking a number of layers as the proposed structure of the eta solar cell 

discussed in section 1.1. 
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1.4 Objectives of this work 

The aim of this work is to fabricate and characterize a hybrid eta solar cell device of the structure 

Sn02:FrriD2/In(OH}xSy/Pb(OH}xSy/PEDOT:PSS/Au. 

The objectives in this study are: 

1. Morphological characterization of Ti02, ln(OH}xSy, Pb(OH)xSy and PEDOT:PSS by scanning 

electron microscopy (SEM). 

2. Structural characterization of Ti02, ln(OH)xSy, and Pb(OH}xSy by X-ray photoelectron spectroscopy 

(XPS}, X-ray Auger electron spectroscopy (XAES} and Energy dispersive x-ray spectroscopy 

(EDX} mapping. 

3. Optical spectroscopy characterization of Ti~. Pb(OH)xSy, ln(OH)xSy and PEDOT:PSS. 

4. Electrical and optoelectrical characterization of the solar cell and component thin films, specifically: 

a. Current- voltage characterization of the eta solar cell; 

b. External quantum efficiency of the eta solar cell; 

c. Determination of the solar cell parasitic resistance (series and parallel); 

d. Transport mechanism of the eta solar cell; 

e. Surface photovoltage characteristics of TiOz, ln(OH)xSy, and Pb(OH)xSy. 

1.5 Thesis structure 

This work is divided into six chapters. Chapter 1 is the introduction, where the main theme of the work is 

introduced, the statement of the problem is stated and the objectives are laid down. In chapter 2, previous 

studies prior and during the course of doing our work are reviewed and summary of the discussion is made 

and critiqued to bring out the knowledge gap being filled by this work. Though this work is experimental, 

chapter 3 discusses theory on which calculations giving numerical results are based, while chapter 4 

discusses experimental procedures followed in the course of doing this work, how the experiments were set 

up and how the results were arrived at are discussed in this chapter. Chapter 5 is discussion of the results 

and deductions based on the theory and literature review and other existing authorities. In chapter 6, 

conclusion is made based on our deductions after performing various experiments and testing numerous 

samples, and lastly suggestions are made for further work since research work can never be done 

exhaustively. 
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CHAPTER 2 

Literature review 

2.1 Introduction 

Design concepts for photovoltaic devices which are expected to yield high conversion efficiency using low 

cost production methods and inexpensive materials have been proposed over the years. Some of the 

tested fundamental technologies include the following: (i) a dye sensitized electrochemical solar cell 

(DSSC). (O'Regan and Gratzel, 1991), (ii) a two photon absorption solar cell (Luque and Marti, 1997), (iii) a 

solid state analogue of DSSC, (Matsumoto, et. a/., 1996; Murakoshi, et. a/., 1998; Tennakone, et. a/., 1998; 

Bai, et. a/., 2008), and (iv) lastly the novel extremely thin absorber (eta) concept developed a few years ago 

by Prof. Rolf Konenkamp's group (Siebentritt, et. a/., 1997). 

The eta design concept is a new all solid state photovoltaic device which has attracted a lot of attention 

{Siebentritt, et. a/., 1997; Kaiser, et. a/., 2001 ; Ernst, et. a/. , 2001 ; Konenkamp, et. a/., 2002; Bayon, et. a/., 

2005; 2006; Oja, et. al., 2006; Gavrilov, et. a/., 2006). Eta solar cell is modeled on some features of dye 

sensitized solar cell (nanostructured configuration, separation of light absorption from charge transport, 

majority carrier dev1ce) and some classical photovoltaic devices (all solid state, inorganic materials}, 

(larramona, et. a/., 2006). In eta solar cell, unlike in DSSC where a monolayer of molecular dye is used as 

light absorbing medium, an extremely thin layer of inorganic solid state material (for example, chemical 

bath deposited PbS of band gap 0.8 eV (Bayon, et. al., 2005; 2006), CdTe of band gap 1.5 eV (Levy­

Clement, et. al., 2002), CulnS2 of band gap 1.2 eV (Kaiser, et. a/., 2001 )) is used as a sensitizer instead. 

The thin absorber material is normally sandwiched between two wide band gap semiconductors, one n­

type and the other p- type. The main advantage of this type of device is that, charge transport distance after 

the electron - hole pair separation within the absorber is strongly reduced, and since eta cell is a majority 

carrier type of dev1ce, the stringent requirements are relaxed for the electronic quality of the absorber 

material (Ernst, et. a/., 2001 ; Belaidi, et. al., 2003). Additionally, these types of solar cells are fabricated on 

highly structured substrate window layer which can substantially reduce the transport path for the excited 

charge carriers in the absorber, and at the same time, increase the optical path for the photon absorption. 

Both the optical (enlarged surface area) and electrical (short diffusion length) properties cf eta solar cell are 

advantageous for photovoltaic applications. For optical effects, the eta solar cell should have a structure 
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with typical length scale in the range of solar light wavelength, for the reduction of the electronic path a 
deep structuring in the 50- 300 nm length scale is desirable (Konenkamp, et. a/., 2002). 

2.2 Substrate window layer for eta solar cells 

One crucial aspect for the fabrication of eta solar cell is on the preparation of suitable substrates. The 
desirable window layer material is wide band gap semiconductor with typical bandgap E9 > 3.0 eV (Ernst, 
et. a/., 2003; Bayon, et. a/., 2005; 2006; Gratzel, 2001) for both superstrate/ substrate structured solar cells. 
Konenkamp et. a/., (2002) have reported on preparation and characterization of nanostructured 
semiconductor layers with different geometries. The type of thin films studied by Konenkamp, et. at., (2002) 
consisted of large band gap semiconductors which are suitable as contacting substrate material. Two 
commonly used substrate materials in eta solar cells are micro- I nano- porous structured Ti02 (Kaiser, et. 
a/., 2001 ; Ernst, et. a/., 2001; Bayon, et. a/., 2005; 2006) and columnar ZnO {Levy-Clement, ef. a/, 2005; 
Krunks, et a/., 2008). Ti02 layers normally used have an open micro - porous/ nanoporous morphology. 
The Ti~ thin films with open micro - porous structure is mainly deposited by either sol - gel or spray 
pyrolysis technique (Kaiser, et. a/., 2001; Ernst, et. a/., 2001 ), while for nanostructured morphology are 
mainly deposited by doctor blade, sol- gel or rf sputtering techniques {Kaiser, et. a/., 2001). On the other 
hand, the ZnO with columnar microstructure is coated using electrodeposition technique, typical shape is 
as shown in figure 2.1 (Konenkamp, 2002; Levy - Clement, et. a/., 2005; Zhang, et. a/., 2004). Another 
method for depositing nanorods/ nanowires structured ZnO is by spray pyrolysis (Krunks, et. a/., 2008). 

Figure 2.1: Scanning electron micrograph of columnar zinc oxide (ZnO) thin film {Konenkamp, et. 
a/.,2002). 
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2.3 Absorber materials for eta solar cells 

The band gap of the absorber material for the eta solar cell typically ranges between 0.8 eV < Eg < 
1.8 eV {Kaiser, et. a/., 2001; Ernst, et. a/., 2001, Bayon, et. a/., 2005; 2006). The absorber layer of the eta 

solar cell, unlike that of the dye sensitized solar cell, is a solid state semiconductor material which is used 

as a sensitizer {Siebentritt, et. a/., 1997; Kaiser, et. a/., 2001 ; Lenzmann, et. a/., 2004). The eta layer 

separates the light photon absorption process from charge transportation, unlike in the case of classical 

solar cell where the two processes are not separated. Several semiconductor materials have been used as 

extremely thin absorber films for the eta solar cell, for example: PbS - Q dots (Q - dots: quantum dots) 

(Bayon, et. a/., 2005;2006), CulnS2 (Belaidi, et. a/., 2003), PbS {Bayon, et. a/., 2005; 2006), Pb{OH)xSy 

(Gavrilov, et. a/., 2006; Oja, et. a/., 2006), and ln(OH)xSy {Lenzmann, et. a/., 2004). However, the materials 

that have shown the best results so far in terms of conversion efficiency are the cadmium derivatives 

compounds of CdTe {Belaidi, et. a/., 2003) and CdSe (Levy-Clement, et. a/., 2005). A comparative study of 

different extremely thin absorbers used in eta solar cell with reference to CdTe absorber was reported by 

Belaidi, et. a/.,(2003). The device studied by Belaidi, et. a/.,(2003) had an open circuit potential, U = 0.67 V 

and short circuit current density, J = 9 rnA/cm2. The J - U characteristics of the type of solar cell 

investigated by Belaidi, et. a/., (2003) however, showed very low fill factor which was attributed to the large 

band gap offset between the Ti02/CdTe heteronjunction. In their study {Belaidi, et. a/. , 2003) efforts to alloy 

the CdTe absorber using mercury in order to reduce the bandgap offset. did not improve the fill factor for 

Ti02/CdHgTe device, though higher quantum efficiency was obtained with increasing Hg concentration 

nonetheless. 

Different deposition techniques have been employed in coating the eta film with the most common being 

chemical bath deposition (CBD). The CBD has been used in coating CdS (Larramona, et. a/., 2006) and 

PbS (Bayon, et. a/., 2005; 2006). Other techniques used are Successive lon Layer Absorption and 

Reaction {SILAR). SILAR is most appropriate for ultra low cost deposition method; materials like PbS - Q 

dots (Bayon, et. a/, 2006) and Pb(OH)xSy (Oja, et. a/., 2006; Gavrilov, et. a/., 2006) have been coated 

using this technique. A closely related deposition procedure to SILAR, called lon Layer Gas Absorption and 

Reaction {ILGAR) has also been used mainly for depositing CulnS2 for eta solar cell (Kaiser, et. a/., 2001 ). 

Depending on availability and suitability of deposition method, vapour phase epitaxy for depositing CdTe 

(Levy-Clement, et. a/., 2002) and electrodeposition method have been used widely; the latter has been 

reported by Belaidi, et. a/., (2003) and Ernst, et. a/., (2003), for depositing CdTe absorber. 
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2.4 Recombination barrier, the buffer or tunneling layer. 

The idea in eta solar cell concept to design the device by sandwiching an extremely thin absorber material 

between two transparent n- type and p- type layers was envisaged as a way of reducing bulk recombination 

10 the absorber material, since the separated light absorption and charge carrier processes are within the 

proximity of the absorber, p- type and n- type materials, respectively (lenzmann, et. a/., 2004; Ernst, et. a/., 

2000; Kaiser, et. a/., 2001 ). However, whilst spontaneous decay of the charge carrier within the absorber 

can be efficiently suppressed, the enlarged interface of the n- type and p- type materials may lead to 

considerable increase in interface recombination probabilities, which can be mitigated by surface 

passivation using the right tailoring material (lenzmann, et. a/., 2004). The performance of both the dye 

sensitized solar cell and solid state sensitized solar cell improves significantly when a very thin insulating 

tunnel barrier material for example MgO, AI20J, ZnO, Ti02, Zr02, Y20J (Grasso and Burgelman, 2004) etc, 

or non - insulating buffer layer material, examples of such materials are CdS (larramona, et. a/.,2006), 

ln2S3 (O'Hayre, et. a/.,2007), ln(OH)xSy (Bayon, et. a/., 2005; 2006) etc, is introduced at the active interface 

(between the window layer and absorber material) of the solar cell. 

In 2003, Wienke et. a/.,(2003) reported on a semiconductor fabricated using ln(OH)xSy as a suitable 

recombination barrier in Ti02finorganic absorber heteronjunction. The introduction of ln(OH}xSy in a solid 

state Ti02/In(OH)xSy/CulnSvAu solar cell was observed by Wienke, et.,a/.,(2003) to lead to a considerable 

delay in electron recombination, which was deduced from the following methods (i) increased contact 

potential difference (6CPD) value and slower decay of the llCPD signal. (ii) Improved current density as a 

function of voltage (J - U) characteristics for solar cells with ln(OH)xSy buffer layer as compared to solar 

cells which had Ti021CulnS21Au structure (Wienke, et. a/., 2003). ln(OH)xSy has also been utilized as a 

buffer for the novel eta solar cells as described by Bayon et. a/., (2005; 2006) and Oja et. a/., (2006). 

lenzmann, et. a/.,(2004) reported that ln(OH)xSy, ln2S3, and ultrathin Ai20J, are suitable materials as 

recombination barrier for solar cells with TiQ21CulnS2 structure, and related extremely thin absorber 

concept devices. In their work Lenzmann, et. a/., (2004), demonstrated that inserting a buffer layer or 

tunneling barrier in a solar cell structure of the type Ti02/AI20J!CulnS2, Ti02/In2SJ!CulnS2 or 

Ti02/In(OH)xSr. makes the device display marked improvements in its characteristic photovoltaic 

parameters. The improvements observed were attributed to efficient suppression of the interface 
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recombination which (Lenzmann, et. a/.,2004) was believed to be the limiting factor for the photovoltaic 

performance of the TiOvCulnS2 solar cell. 

A similar concept has also been applied to solid state type dye sensitized solar cells consisting of n- type 

Ti02 and p- type Cui, with a monolayer of ruthenium bipyridyl dye molecules placed at the interface 

(Tennakone et. a/., 1998; Kumara, et. a/., 2002; Zhang, et. af., 2004). The device studied by Zhang, et. 

af.,(2004) having TiOVAbOJ/dye/Cul was observed to have low conversion efficiency when AI203 blocking 

layer is not deposited. The low conversion efficiency was ascribed to interfacial charge recombination in 

solid state DSSC which consists of reduction of the oxidized dye by an electron from Ti02 before hole 

injection into Cui. Deposition of a 0.19 nm thick AI203 layer lead to improved performance of the device with 

electron lifetime decay increasing by a factor of 1.5 times, while conversion efficiency improved by a factor 

of 1.27 and 1.34 when the solar cell was subjected to 31.4 mW/cm2 and 89 mW/cm2 of simulated sunlight, 

respectively (Zhang, et. af., 2004). 

An insightful theoretical treatise by Grasso and Bergelman, (2004) describes the mechanism that might be 

responsible for the reported improvements in solar cell characteristics especially in Ti02/CulnS2 based 

nanostructured eta solar cells. In the work by Grasso and Bergelman (2004), mechanisms to improve open 

circuit voltage (Uoc) without compromising short circuit current density (Jsc) are discussed with reference to 

intermediate tunnel barrier of either AI203, MgO or conducting buffer layer of CdS. In reference to study 

done by Grasso and Bergelman, (2004), the following procedures should be adopted in order to realise 

meaningful improvements (i) use of a buffer layer material which introduces an energy barrier that is higher 

for dark current than for light current, (ii) use of a buffer layer material that may reduce interface states 

density at either side of the intermediate layers, that is, between absorber and n- type and p- type 

semiconductor, respectively, and (iii) reduction of the effect of interface states by tailoring materials to 

achieve more favourable position of the Fermi levels at the recombination, and chemical and electrostatic 

mteractions at the interfaces. 

2.5 Eta solar cells a review 

Since the first solar cell based on the novel eta concept was reported in late 1990s by Prof. Rolf 

Konenkamps' group (Sibentritt, et. af., 1997), these devices have remained of very low conversion 

efficiency with the highest ever reported being 2.3% (levy-Clement, et. af., 2005). Few trials have been 
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done on eta solar cell desp~e the fact that theoretically they were envisaged to overcome the limitations of 

the efficiency predicted to be larger than 10% (Taretto and Rau, 2005; Oja, et. a/., 2006) and instability of 

dye sensitized solar cell. The reason for slow growth in eta solar cell research, in our opinion, is partly 

because it was a European Union funded project with eta fellows drawn from few institutions which 

included: Energy Research Centre of the Netherlands - Coordinator (ECN), Hahn Meitner Institute 

(HMI),Tallin Technical University (TTU), Uppsala Univers~. Deft University of Technology, Weizmann 

Institute of Science, and University of Gent. Eta research continues as separate institutional funded project, 

wtth few researchers working in the area who were not formerly eta project fellows. Another reason for this 

slow growth is the issue of stringent thickness requirement of the absorber material. The thickness of the 

absorber materials was proposed to be between 10- 50 nm range, and with most deposition techniques it 

is not easy to grow thin films in this regime without formation of discontinuous island clusters, thus forcing 

the thickness of the absorber material to exceed the defining range. 

The continued study in these types of devices as alternative photovoltaic systems and for solar cell 

materials is significant from both the fundamental (understanding on how these devices work) and 

technological perspective. Studies done so far have shown that the n- type choice of materials are Ti02 and 

ZnO, while the p- type choice are inorganic materials such as CulnS2, Cui, CuSCN and organic materials 

like PEDOT:PSS and OMetad (Bayon, et. a/. 2005; 2006). The absorber material has been predominantly 

PbS (Bayon, et. a/., 2005; 2006), CdTe, CdHgTe, CulnS2, Pb(OH)xSy (Oja, et. a/., 2006) and a-Si 

(Siebentritt, et. a/., 1997), while material of choice for buffer layer has been ln(OH)xSy (Bayon, et. a/., 2005; 

2006; Oja, et. a/., 2006; Gavrilov, et. a/., 2006), ln2S3, AI203 (lenzmann, et. a/., 2004; Zhang, et. a/., 2004), 

ZrO, Y203 and CdS (Lenzmann, et. a/., 2004}. Some of the milestone techniques in eta solar cell studies 

are now reviewed. 

Ernst, et. a/., (2001) reported studies on techniques to improve the eta solar cell performance by studying 

the effects of the front and back contact and modification of Ti021CdTe interface using a buffer layer. The 

device studied comprised n- type porous Ti02 substrate covered with a CdT e fi lm with local thickness of 

150- 250 nm. The porous Ti02 layer was coated by spray pyrolysis technique using titanium isopropoxide 

mixed w~h 2 - propanol as precursor. The CdT e layer was deposited using the conformal method on the 

Ti~ substrate using electrodeposition technique followed by subsequent dipping in saturated CdCI2 

solution in methanol and annealing in air at 450 oc. Three contact modifications were studied by either 
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depositing 25 nm thick compact Ti02 front contact prior to deposition of porous Ti02, or using vacuum 

deposited Au back contact or conductive pastes containing carbon C, or alternatively use of silver, Ag 

colloids mixed with small amount of copper. Finally the Ti02/CdT e junction was modified by inserting CdS 

buffer layer with local thickness ranging between 5 - 200 nm. The buffer layer was deposited through two 

methods, either by use of standard chemical bath deposition (CBD} or by use of the novel ion layer gas 

reaction and absorption technique (ILGAR}. Ernst et a/., (2001} obtained under AM 1.5 condition short 

circuit current density of around 8. 7 mA/cm2, and an open circuit voltage of 0.67 volts. The shape of the J -

U curve displayed a strong voltage dependence of the photocurrent and a low fill factor. The results of 

quantum efficiency data showed a substantially reduced carrier collection with increasing forward voltage. 

Their study found that, front and back contact of either Ag, C or Au do not have profound effect on the cell 

performance while interface passivation seemed to be of importance for the eta solar cell parameters. 

Diffusion length of charge carriers within the absorbing materials is one of the factors which limit the 

conversion efficiency in eta solar cells. Kaiser et. a/., (2001} explained the effect of the deposition method 

and structure of the underlying substrate materials for CulnS2 (CIS} sensitized eta solar cell. Different Ti02 

substrates prepared by doctor blade and spray pyrolysis techniques were used as n- type wide bandgap 

semiconductor. The results showed that, for eta solar cell of multilayer p-i-n structure of the type 

Ti02/CulnS2iCuSCN, the nanoporous np-no2 had the advantage of enhanced light path due to surface 

enlargement and multiple scattering which is more pronounced than in microporous, 1JP·Ti02 structure. The 

reason for this difference was attributed to the effective embedding of CIS within the electric field of the p­

and n- type semiconductors when np- structure is used compared to 1Jp- structure. The type of solar cell 

reported by Kaiser, et. a/., (2001) did not use a buffer layer. Unlike the device studied by Kaiser et. 

a/.,(2001), a solar cell device using, 1JP·Ti02 was demonstrated to work when a CdTe absorber is used, 

(Ernst, et. a/.,2003; Belaidi, at. a/.,2003). Studies by Ernst, et. a/.,(2003) and Belaidi, et. a/.,(2003) have 

made comparison of planar and microporous structured devices, with the latter structure showing superior 

performance. The device was also modified from the original Sn02:F/Ti02fCdTe/Au structure, by alloying 

CdTe using mercury; the resulting device Sn02:F/Ti021HgxCdt-xTe/Au showed adjustment of the interface 

band offsets at the Ti02iabsorber junction resulting in improved conversion effteiency. A similar idea of 

modifying CdT e has been pursued by Levy-Clement et. a/.,(2002}, whose study explored the properties of a 

new composite structure based on CdTe/ZnO. The key feature of this type of device is an extreme surface 

enlargement by a factor of 100 times or larger, relative to the dense thin films. This feature allows the 
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reduction of the absorber material thickness by the same order of magnitude, hence making them suitable 

for application in eta solar cell devices. The work by Levy-Clement et. a/., (2002) showed that CdTe/ZnO 

has similar optical properties comparable to those of bulk CdTe, which possesses strong light trapping 
properties making it favourable for eta cell application. 

Larramona, et. a/., (2006) recently investigated an eta solar cell device of the type Ti02/CdS/CuSCN with 

promising results. The device displayed 100% internal quantum efficiency injection, 1.3% conversion 

efficiency and Uoc and FF of about 0.85 V and 0.65, respectively. The aim of the work done by Larramona, 

et. a/.,(2006) was to fabricate eta solar cell with conversion efficiency exceeding 3%, but the nature of the 

bandgap of the CdS absorber used made it untenable; nonetheless their work contributed fundamental 

knowledge useful for realising higher conversion efficiencies. The following suggestions were put forward: it 

1s worthwhile investigating the nature of absorber coating and type of nanostructure properties of the 

substrate window layer, as well as properties of the p- type filler material. Also, in order to obtain more 

reproducible cell efficiencies, it is advisable to have absorber materials having broad spectrum of light 

absorption such as those used in classical thin film devices. 

Recently, interest in ultra thin eta solar cell at ultra low cost scale has been demonstrated by Gavrilov et. 
a/., (2006), and Oja, et. a/. , (2006). These new ideas combine the use of inexpensive substrates and 

materials, non - vacuum based deposition techniques, and low temperature processes as wet chemical 

treatment, etc. The works of Gavrilov et. a/., (2006) and Oja, et. al., (2006), save for the deposition 

techniques, are similar to the one reported by Bayon, et. a/., (2005; 2006). In ultra thin coatings, 

ln(OH)xSyiPb(OH)xSy layers were deposited by SILAR technique unlike the CBD used by Bayon, et. a/., 

(2005; 2006). Gavrilov, et. al., (2006) studied ultra thin SILAR deposited ln(OH)xSy/Pb(OH)xSy 

heterostructure, and concluded that. the heterojunction forms a selective surface suitable for fabricating 

extremely thin absorber solar cell when combined with organic materials. The prospect of fabricating eta 

solar cell using the selective surface suggested by Gavrilov. et. a/.,(2006) was pursued further by Oja, et. 

a/., (2006), where they worked on a device consisting of TiOvln(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au, 

utilizing an ultra thin SILAR deposited heterojunction. In the work of Oja, et. a/.,{2006), the question of the 

specific role of ln(OH)xSy/Pb(OH)xSy remained elusive despite the observation from quantum efficiency 

measurement scanned (180 nm - 900 nm), Pb(OH)xSy seemed to have no significant contribution. The 

most encouraging fact about the ultra thin concept for eta solar cell is that efficiency of 3 - 5% seems 
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feasible, though Gavrilov, et. a/., (2006) and Oja, et. a/., {2006) only reported efficiency of approximately 

1%. 

In this work, we proposed to study a solar cell device using the following multilayer structure: 

Sn02:FITi0211n(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au. The type of solar cell device we studied was based on 

the novel eta concept In our device, Pb(OH)xSy was used as the eta material sandwiched between an 

inorganic n- type semiconductor and organic p- type semiconductor, with ln(OH)xSy as a buffer layer. As 

revealed in the literature, the type of solar cell had not been previously investigated. The Pb{OH)xSy was 

engineered to widen its band gap from its bulk material band gap of E9 = 0.4 eV to approximately 1 eV, 

consequently making it possible to maximize its absorption capabilities in solar spectrum for use as light 

photon absorber. Furthermore transport mechanism has also not been studied before in solar cell devices 

based on the novel eta concept despite the widely investigated photovoltaic properties of these types of 

devices (Ernst, et. a/.,2001; Kaiser, et. a/., 2001 ; Lenzmann, et. a/., 2002; Levy- Clement, et. a/., 2005). 

In doing this work, we filled a knowledge gap by availing crucial fundamental knowledge on an engineered 

bandgap Pb(OH)xSy thin film grown by chemical bath deposition technique to be used in fabrication of solar 

cells based on eta concept, and also reported for the first time transport mechanisms studies in eta solar 

cell devices, as well as the effects of light soaking. 
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CHAPTER 3 

Theory 

3.1 Photovoltaic solar cell 

The mostly commonly known photovoltaic solar cells are derived from a p - n junction formed by bringing 

two asymmetrically doped semiconductors together. A semiconductor doped with donor impurities has an 

increased number of electrons and it is known as n - type semiconductor, while that which is doped with 

acceptor impurities has an increased number of holes and it is known as p - type semiconductor. When 

two asymmetrically doped semiconductors of the same material are brought into contact to form a p - n 

junction, this is usually known as p - n homojunction, while if two asymmetrically doped semiconductor of 

different semiconductor materials are brought into contact to form a p - n junction, this is usually referred to 

as p - n heterojunction. A solid state solar cell made from any of the two procedures is koown as p - n 

homojunction/ or heterojunction solar cell, respectively. Another type of solar cell, whose active interface 

contains a liquid material, is known as electrochemical solar cell (Cooke, 1990; Gratzel, 2001 ). 

3.1.1 Ideal solar cell 

A semiconductor is characterized by energy bandgap E9 , the energy difference between conduction band, 

Ec8 and valence band, Evs· An important parameter in the study of semiconductors is the Fermi level 

energy EF, the top most of the available electron energy level at low temperature. The position of the Fermi 

level in relation to the conduction band is fundamental in determining the electrical properties of a 

semiconductor. In an intrinsic semiconductor, the Fermi level is symmetrically between the conduction band 

and valence band. The process of doping a semiconductor alters the position of the Fermi level, such that, 

in an n - type semiconductor, it is adjusted upward near the conduction band, while in a p - type 

semiconductor, it is shifted towards the valence band, as is illustrated in figure 3.1 (Nelson, 2003) 

~Eca 
-------- · EF 

--- - ---- . EF 
A - ----- - -. EF 

~Ew ~~Eve 

Figure 3.1: Semiconductor energy band diagram showing (A) intrinsic semiconductor, (B) n- type 

semiconductor, and (C) p- type semiconductor. 
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When n - type and p - type semiconductors are brought into contact to form a p - n junction, under 

equilibrium condition the Fermi level of the two semiconductors aligns to the same level as is shown in 

figure 3.2. At the p- n junction, the existence of different charge carrier density gradient leads to diffusion 

currents to flow. Electrons diffuse from n- side top- side; also, holes diffuse from p- side to n- side. The 

remaining charge carriers lead to build up of electric fields (potential gradient) at the interface which leads 

to generation of drift currents. The drift currents flow in the opposite direction to the diffusion current. The 

electron and hole current densities can each have a drift component and diffusion component. The 

combined current densities are described by the following equations (Farhrenbruch and Bube, 1983; 

Kazmerski, 1997; Cooke, 1990; Groetzberger, et. a/.,2003) 

3.1 

3.2 

where e and h denote the electrons and holes, respectively, q is quantity for elementary charge, n and p 

are the electron and hole charge carrier density, respectively, { depicts the electric field, Jl.e.h are the 

electron and hole motilities, respectively, while, De,h describes the electron and hole diffusion coefficients 

which are defined by De,h = J.Le,h kT I q , where k is the Boltzmann constant and Tis the temperature. 

1 Depletion layer 1 

~~~ _ _ region ,...1 ---J-qu_b_J __ _ 
I .... .... .... t 

: ---------~~~~Ece 
p - type regin 1 1 ________ _ _____ L __ _ ________ __ j ____ _______ ___ EF 

I I 

n - type region 
........ .. I 

-~~.$#'~ Eve 

Figure 3.2: Band diagram of a p- n junction of two asymmetrically doped semiconductors at equilibrium. 
EJB,Ecs and & , describe valence band, conduction band and Fermi level energy, respectively and Ubi is 
the built-in voltage. 
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At the junction, the hole current at the edge of n - type region is entirely a diffusion current. Similarly, the 

electron current injected into the edge of the p - type side is diffusion current. These diffusion currents are 
respectively given by (Farhrenbruch and Bube, 1983; Cooke, 1990; Green, 1992) 

qDh ( (qUa) ) 2 lhdiff = L;;Pn exp kT - 1 A/m 3.3 

_ qDe ( (qUa) ) 2 lediff - L'; nP exp kT - 1 A/m 3.4 

where Pn = nf / 11n = nf /Nd and ~ = nf / Pp = nf INa , and Pn and flp are the minority carrier 

densities for holes and electrons, respectively; nn and Pp are the majority carrier density for electrons and 

holes, respectively, De,h defines the carrier diffusion constants for electrons and holes, while Na and Nd 

are the concentrations of the acceptor and donor impurities, respectively. The electron and hole diffusion 

length is defined by Le,h = J Dexre,h , where re,h are the lifetimes for electrons and holes, while Ua is 

the applied voltage. 

Thus the total current density in the diode is given by superposition of equations 3.3 and 3.4 and inserting 

values of Pn and nn respectively to give (Nelson, 2003; Streetman, 1993; Sze, 1997): 

1 = qn[ [..E!;_ + !:!.._] (exp (qUa)- 1) = ]0 (exp (qUa) -1) 
LhNd LeNa kT kT 

3.5 

where }
0 defines a device dependent parameter called reverse saturation current density (or dark current) 

given by (Sze, 1997; Streetman, 1993) 

2 [ Dh De ] lo = qni -L N + LN 
h d e a 

3.6 

Thus for an ideal solar cell, the situation when the solar cell is in the dark, and under illumination are 
described by equations 3.7 and 3.8 and represented graphically as shown in ftgure 3.3: 
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3.7 

}light= l o ( exp (:~a)- 1) - }ph 3.8 

where } ph is the photon generated current density (Sze, 1997, Cooke, 1990, Farhrenbruch and Bube, 

1983). 

In the dark-------.... 

J(mW/cm2) 

Uoc 

Under illumination 

U(V) 

Figure 3.3: J- U characteristics for a solar cell in the dark and under illumination. 

Under illumination, other important solar cell parameters can be derived. The open circuit voltage U0 , 

(U0 = U0 ,) defined by }(U0 , ) = 0, can be deduced from equation 3.8 which gives: 
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U = kT In (}ph) 
oc q lo 3.9 

The other parameters which can be deduced from figure 3.3 include the maximum power, fill-factor (FF), 

and operating efficiency (TJ) of the solar cell under given conditions, for example air mass AM1.5 conditions 

U0 c XJsc X FF 
TJ = 

3.1.2 Non ideal solar cell 

3.10 

3.11 

3.12 

In a real solar cell of area A is a diode having current I and applied voltage U a related to each other 

through equation 3.8 (recall j = 1 I A). For non ideal solar cell effects of parasitic resistance like series 

resistance Rs and parallel resistance RP (also called shunt resistant) are also taken into consideration, this 

can be explained using an equivalent circuit as shown in figure 3.4. 

Rs 

1 // hv 
)ph ' 

Um 

lm 

Figure 3.4: Equivalent circuit for non - ideal single diode solar cell, ld is the current through the diode; 
lp~~ is current generated due to energy transfer of the light photons E = hv. Um and 1m are the 
measured voltage and current, respectively. 
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Figure 3.4 shows a schematic equivalent circuit of non-ideal solar cell with the following parameters shown: 

measured voltage, Urn, measured current, 1m, current through the diode, ld, photon generated current, lp~~, 

and the parasitic resistances, Rp and Rs. 

Using the equivalent circuit analysis, and applying the Kirchhoffs law the following can be deduced: 

3.13 

3.14 

where Um and lm are the measured voltage across the solar cell and total measured current, respectively. 

Equation 3.8 for a solar cell of area A can be rewritten as follows: 

Ia = 10 ( exp (;i~~)- 1) -/ph 3.15 

where Ai is a correction term called ideality factor. 

Equation 3.13 can be rearranged and inserted into equation 3.14 together with equation 3.15 to give: 

3.16 

Thus the current density for a single diode non- ideal solar cell of area A is given by (EI-Tahchi, et. a/., 

2000; Verschraegen, et. a/.,2005): 

3.17 
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Figure 3.5 shows semi logarithmic plot of short circuit current density as a function of applied voltage, the 
diagram is usually used in analysing parasitic resistances of photovoltaic devices. Different regions can be 
distinguished, as shown marl<ed A, B, C and D. 

Region A: this region represents the low range of forward bias. In this region, the electronic transport is 
controlled by the saturation current and shunt resistance. 

Region B: in this region, according to equation 3.17, information on diode ideality factor can be extracted at 
this bias range since it controls the slope in the linear range. 

Region C - D: in this region series resistance becomes dominant and deviation from ideal diode is likely 
(Fuertes-Marron, 2003; Schilinsky, et.a/. 2004; Sharma, et. al., 2006). 

10•2 .....---~----.------..------,.----......---~----, 

- 1~ <'< 

E 
0 -~ 
E 10-5 -..., 
01 
0 

..J 10~ 

10•7 

10-8 
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 

U (Volts) 

Figure 3.5: Semi logarithmic plot of current density (mW/cm2) of the dar!< current as function of 
applied voltage U (volts) 
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3.2 Transport mechanism theory 

Recombination is the loss of an electron or hole through the decay of an electron to a lower energy state. 

Th1s can be from interband annihilation of an electron - hole pair, or it may be from conduction band to trap 

state or from trap state to valence band, removing only an electron or hole, respectively. In general the total 

recombination current is expressed by the following equation (Nelson, 2003): 

1 = q J Rdx 3.18 

where R is the electron - hole pair recombination rate, and is given by the generalized analytical expression 

as derived by Hurkx et. a/.,(1992), Rau et. a/., (2000) 

3.19 

where 

. (EF- Ec) . (Ev - EF) n = Ncexp kT and p = Nvexp kT 3.20 

The quantities Pn,p depend on the type of recombination taking place. Two types of recombination can be 

described: (i) In the case of interface recombination, R is in units of cm·2/s and the quantity Pn.p is given by: 

1 
Pn.p = s (1 + r) n,p 

3.21 

where Sn,p denote the interface recombination velocities of electrons or holes. On the other hand, (ii) trap 

states recombination in the bulk of the material, R is in units of cm·3/s and the quantity Pn,p is given by: 

Tn,p 
f1n,p = (1 + r) 3.22 

where Tn,p is the electron or hole lifetime. In equations 3.21 and 3.22, r is a correction factor describing 

the enhancement of recombination by thermally assisted tunneling and is given by (Rau, et. a/., 2000; 

Nadenau, et. at., 2000): 
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3.23 

In the correction factor r, the tenn (r is given by (Bayhan, 2006; Rau, et. al., 2000) 

2rr [24m· ( kT)3 ]112 

(r = qh 3.24 

with m • being the effective tunneling mass, ( is the local electric field at the location of the trap state while 

h is the Planck's constant. In the limits r --+ 0 then equation 3.19 describes the classical Shockley- Read 

-Hall (SRH) recombination rate (Schockley and Read, 1952; Hall, 1952). 

The model sketched in figure 3.6 describes the dependence of recombination currents on the density of 

deep defects in the bulk of the material and on the built-in electrical field at the junction (Kaufmann, 2002; 

Fritsche, et. al., 2002; Rusu, et. al., 2002). 

--- -Ecs 
(f) 
(f) 

.j SCR recombination ~ 

0 
0 Interface recombination~-- UJ ...................................................... = ..................... .f.~.P..{Qtn~.?.x..._ ............ ~ .... EF 

Ti02 

eli 
I( 

I' 
0 -c: 

Eve 

Figure 3.6: Band diagram of the proposed eta solar cell studied in this work. Shown are the main 
recombination mechanism locations for interface and space charge region (SCR). 
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The forward recombination current density through recombination centres in the space charge region 

(SCR) is described by equation 3.25 (Rau, ef. at., 2000; Rusu, et. at., 2003; Bayhan and Kavasoglu, 2005). 

(_qU) f::Ea) (_qU) J = loexp \AtkT = looexp \AtkT exp \AtkT 3.25 

where Ai is the diode ideality factor, kT I q is the thermal voltage, Ea is the activation energy of the 

recombination, while }0 and ] 00 are the diode saturation current density and a weakly temperature 

dependent prefactor which depends on the transport mechanism (tunneling enhanced or thermally 

activated recombination mechanisms), respectively (Rau, et. at.,2000; Rusu, et. at.,2003). In view of 

equation 3.25, the open circuit voltage is given by 

AtkT (Jsc) Ea AtkT (Joo) U0c:::::--ln- =----In-
q lo q q lsc 

3.26 

Equation 3.26 relates open circuit voltage to the activation energy and temperature, therefore, assuming 

that, At , lsc and loo are independent of temperature, a plot of open circuit voltage, U0 c as a function of 

temperature, T should yield a straight line as shown in figure 3.7. A linear extrapolation toT= 0 gives the 

activation energy, Ea (Rau and Schock, 1999; Rau, et. at., 2000; Rusu, et. at., 2003). 
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The temperature dependence of ideality factor for the case of tunneling enhanced bulk recombination is 
described by the following equation 

3.28 

where kT* is the characteristic energy of the exponential distribution of recombination centres. In the limits 

as £00 -t 0, equation 3.28 becomes (Walter, et. a/., 1996). 

3.29 

The ideality factor in equation 3.29 is for the classical Schockley-Read-Hall (SRH) recombination through 

exponential distribution of trap states, whereas, in the limits as r• -t oo equation 3.28 describes the 

tunneling enhanced recombination via midgap states (Rau, et. a/., 2000). On the other hand, the 

temperature dependence for the tunneling enhanced interface recombination, the diode ideality factor Ai is 

given by 

3.30 

A summary of the recombination mechanisms for different scenarios is given in Table 3.1. 
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Table 3.1: Summary of recombination mechanisms possible in the eta solar cell. Shown are the activation 
energy of reverse saturation current density, open circuit voltage extrapolation values to T = 0 K, and 
temperature dependence of ideality factor. (Schuller, 2002; Reiss, 2002; Fuertes-Marron, 2003). 

Recombination mechanism Activation U0 c (T = 0 K) Ideality factor, Ai 
energy of fn 

Bulk Ea Ea 1 
Thermally activated SCR- E9 /At Eg 2 
single defect level 
Thermally activated SCR- E9 /At Eo 2r· 
exponential defect distribution T+T·; 1 ~At~ 2 

Tunneling enhanced SCR E9 /At Eg 1 (: T E~a ~) 
2 1 + r· - J(kT)2 ; A1 i as T ! 

Thermally activated interface Ea < E9 Ea NA 
1 + Nn; 1 S At S 2 

Tunneling enhanced interface Ea < E9 Eg Eoo (?o~) kT coth kT ; At i as T ! 

3.3 Quantum efficiency 

The quantum efficiency (QE) is the measure of the number of charge carriers collected by the solar cell to 
the number of photons of a given wavelength impinging on the solar cell. The QE mainly depends on the 
following factors: (i) absorption coefficient of the absorber material of the solar cell, (ii) the efficiency of 
charge separation in the active interface and (iii) the efficiency of charge collection in the device. 

The photocurrent generated by a solar cell is given as the probability that an incident photon of wavelength 
A. will deliver one electron to the external circuit and is described by the following equation (Sze, 1997; 

Nelson, 2003) 

lsc = q J b5 (A) QE(.l)d,l 3.31 

where b
5
(1) is the incident spectral photon flux density and q is the elementary charge. 
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The depletion regions width of a solar cell normally changes with applied bias, the quantum efficiency also 

changes with the built-in voltage across the p- n junction of the device, hence the expression for quantum 

effiCiency when optical losses of the photon flux are put into consideration is given by 

j(J..) 
QE(A., V)ext = qbs(A) 3.32 

The expression in 3.32 is usually called the external quantum efficiency (EQE). A typical external quantum 

efficiency diagram is shown in figure 3.8. 

100 

-~ 0 w 
0 
w 

0 

700 
wavelength (nm) 

1000 

Figure 3.8: Typical diagram of external quantum efficiency performance of a solar cell 
operated at AM1 .5. 
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CHAPTER 4 

Experimental Procedures 
4.1 Introduction 

The work reported in this thesis, all the samples were prepared on Tech 15 fluorine doped tin oxide glass 

(Sn02:F) with 15 O/cm2 sheet resistance from Pilkington, USA. The other substrates glass used were 

obtained from Forschungszentrum Jullich GmbH, Germany. Different thin films used in fabricating the 
sample solar cells were grown following different procedures as explained in section 4.2 The cross 

sectional structure of the main solar cell is shown in figure 4.1. The solar cells were deposited by stalking 
different thin films as follows: titanium dioxide was first coated on the substrate glass followed by indium 

hydroxy sulphide thin film, and then a layer of lead hydroxy sulphide was coated on top. Lastly, 
PEDOT:PSS was deposited and the solar cell was completed by gold back contacts, detailed procedures 
on each thin film preparation are explained in section 4.2. Additionally other solar cell structures similar to 

the one shown in figure 4.1 but of simplified architecture were prepared through layer by layer elimination 

pnnciple. 

/ Au/ C back contact 

:..-.----PEDOT:PSS 

!<E----- Pb(OH)xSv 

~~~~~~~~~t~~-- ln(OH)xSv 

~Ti02 
Glass coated with Sn02:F layer 

Figure 4.1: Eta solar cell structure fabricated in this work showing stalked thin film layers. 

4.2. Samples preparation 
In this section, deposition methods for different layers used in fabricating the eta solar cells are given. 
Various thin films layers were deposited following diverse procedures and a variety of precursors as 

explained in the following sub- sections. 
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4.2.1 Titanium dioxide (Ti02) 

Titanium dioxide thin films used in this work were produced using two different techniques, namely· spray 

pyrolysis and sol-gel methods. The two methods are explained in the following sub-sections (a) and (b), 

respectively. 

a) Spray pyrolysis 

Titanium dioxide thin films coated using spray pyrolysis method were deposited using an automated spray 

system as shown in figure 4.2. The following procedure was used: 800 IJI of tetra-isopropyl orthotitanate 

(Ti(CJHsOH)4) purchased from Sigma-Adrich rM were mixed with 1 litre of commercial grade solution of 

isopropanol (CH3CH(OH)CH3), obtained from Merck ™. The precursor solution was poured into the 

container of the spray pyrolysis system, labeled precursor as shown in figure 4.2. During the entire duration 

of spraying process, the precursor solution was kept free from reaction with ambient oxygen by allowing 

continuous inert argon gas flow into the container (see the argon gas inlet in figure 4.2). The spraying 

process was controlled by a computerized procedure using a program written in Lab VIEW™ . The spraying 

process was preceded by the glass substrate being heated at 450°C for 1800 seconds, and then left to cool 

down to a controlled temperature maintained at 160°C. The precursor solution was then pumped out of the 

container through a metallic outlet using high pressure compressor machine at 100 bars. As the solution 

flowed out, and before it reached the spray nozzle. it was heated to 160 °C using electrical rubberband 

heater prior to spraying. The spraying process was done in humid conditions in order for tetra-isopropyl 

orthotitanate to react with water as follows:-

The spraying duration lasted 360 seconds; this was referred to as 1 cycle. After spraying, the coated 

substrate was then annealed at 450 °C for 1800 seconds in order to remove traces of Ti(OH)4 and get Ti02. 

Different samples of different layer thicknesses were fabricated depending on the number of sprays, 

whereby 1 spray is equal to 1 cycle of spraying duration of 360 seconds. Samples of 6, 8, 10, 12 and 20 

sprays were fabricated. The layer thickness of such samples varied between 2-5 1-Jm. 
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~--- argon gas 1nlet 

precursor outlet 

nubberband heater 

water bath ---7 
for humidity 

sample holder With a heater 

substrate to 
be coated 

hotplate heater ---? [ • • fe'~ ~'•·l 

Figure 4.2: Spray pyrolysis system used in fabricating Ti02 samples. Shown are the 
precursor container, rubberband heater, humidity source and substrate holder with a heater. 

b) Sol-gel technique 

Commercially deposited Ti02 samples were bought ready made from Sglux GmbH. The samples had 

been coated using sol-gel technique on glass substrates obtained from two different places; a Tech 15 

glass coated with fluorine doped tin oxide (Sn02:F) layer of 15 O/cm2 sheet resistance from Pilkington, and 

the other glass also Sn02:F coated of the same resistance was fabricated at Forschungszentrum Jullich 

GmbH. The Ti02 samples were deposited on either 5 x 5, or 10 x 10 cm2 sheet of glass. 

Other samples prepared through sol-gel technique were compact Ti02 thin films. The precursors used in 

preparing the thin films included 15 ml of commercial grade solution of isopropanol (CHJCH(OH)CHJ) 

obtained from Merck TN, mixed with 800 IJI of tetra-isopropyl orthotitanate (Ti(CJHsOH)4) from Sigma­

Adrich, the coating was done by dipping the sample in the precursor solution for duration lasting less than 

10 seconds. 

The samples prepared by either spray pyrolysis, commercially made sol-gel deposited, and the compact 

layer type were annealed for 30 minutes in air using an oven whose temperature was set at 450 oc and 

thereafter left to cool down to room temperature before the next procedure could be done. 
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4.2.2 Indium hydroxy sulphide (ln(OH)xSy} . 

The indium hydroxy sulphide layer was prepared by chemical bath deposition (CBD) technique. The 

following precursor materials were mixed together: 20,000 1-11 of water was mixed with 1250 IJI, 0.005 M, 

hydrochloric acid (HCI) from Sigma-Adrich TM . other solutions added were 1250 1-11. 0.025 M. Indium (Ill) 

chloride (lnCIJ) anhydrous from Alfa Aesarn.t, and 2500 !JI, 0.1 M Thioacetamide (CH3CSNH2) from 

Ad rich TM. The beaker containing the aqueous solution was then immersed in the water bath as shown in 

figure 4.3. and the samples were submerged in the chemical bath using a sample holder which could hold 

four samples at a time. The water bath was maintained at 70 oc using a digital temperature controller. The 

deposition was repeated three times. with each cycle being done at 70 oc for 30 minutes following a 

procedure similar to one previously described (Mane and Lokhande, 2000; Bayon et. al .• 2005; 2006). After 

every deposition period of 30 minutes. the samples were removed and then rinsed using distilled water, 

then fresh solution was prepared and the procedure was repeated. The samples thereafter were annealed 

m argon atmosphere at 300 °C for 30 minutes. After annealing. the samples were left to cool down to room 

temperature before any other process could be done. The setup used is shown in figure 4.3. 

digital tempera_tu_re ______ ~ 
monitor and controller 

thermocouple 
probe -------~ 

l====t:========-1 

chemical 

hotplate with 
magnetic stirrer 

retort stand 

~E----.---water bath 

Figure 4.3: Set up for chemical bath deposition used in depositing ln(OH)xSy and Pb(OH)xSy . 
respectively. 
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4.2.3 Lead hydroxy sulphide (Pb(OH)xSy) 

The lead hydroxy sulphide (Pb(OH)xSy) thin film layers were grown using either of the two methods 

described below: 

a) Chemical bath deposition (CBD): The setup used was the same as the one used in depositing 

lnx(OH}ySz described in section 4.2.2 and shown in figure 4.3. The samples were prepared using 

aqueous solution containing the following precursors: 2500 ~I solution of 0.05 M lead (ii) acetate 

{Pb(CH300H)2) obtained from Merck TN was mixed with, 5000 ~I of 0.2 M solution of sodium hydroxide 

(NaOH) from Merckrn, 1250 ~I of 0.05 M solution of thriethanolamine {CsH1sNOJ) from Merck TN, and 

1250 ~I of 0.05 M solution of thiourea (NH2CSNH2) from Ad rich TN. These solutions were diluted with 

15000 IJI of distilled water. The beaker containing the aqueous solution was then immersed in the 

water bath as earlier shown in figure 4.3, thereafter, the samples pasted on Teflon sample holder were 

submerged in the chemical bath. The chemical bath deposition was done at 40 °C for 10 minutes, 

following a similar procedure as reported elsewhere (Bayon. et. a/., 2005; 2006). After deposition, the 

samples were then rinsed in distilled water (NB: the molar values given are for the final solution and not 

the stock solution). 

b) Successive ion layer absorption and reaction (SILAR): The SILAR preparation process cycle was in 

four steps as arranged/ as shown in figure 4.4. In this method two precursor solutions and distilled 

water were used: a saturated lead (ii) acetate (Pb(CH300H)2) from Merckrn and 0.2 M, solution of 

sodium sulphate (Na2S) from Aldrich TM. The following procedure was followed in depositing the thin 

film: (i) the sample was submerged in lead acetate for 10 seconds; in this step metal ions were 

adsorbed, {ii) the sample was then rinsed in distilled water, {iii) then the sample was submerged in 

sodium sulphate for 10 seconds, a step where reaction with sulphur ions takes place. (iv) finally the 

sample was again rinsed in distilled water. The completion of the 4 steps constituted one cycle. In order 

to obtain Pb(OH)xSy coatings of different thicknesses, the number of cycles were between 6 to 10. This 

deposition technique is similar to that described recently by Gavrilov, et. a/., {2006) and Oja, et. a/., 

(2006). 
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procedure for dipping sample in SILAR method for one cycle 
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lead (ii) acetate water (H20) sodium ulphate water (H20) 
(Pb(CHJOOH)z (NazS 

Figure 4.4: Illustration of SILAR technique for coating samples; the 4 steps represents one cycle. 

4.2.4 Poly(3,4- ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) 

Different types of poly(3,4-ethylenedioxythiophene) polymer doped with polystyrene sulfonate acid 

(PEDOT: PSS) are commercially available from Bayerm GmbH. Three types were used during the course 

of doing this work, that is, PEDOT:PSS Baytron P, PEDOT:PSS Baytron formula, and PEDOT:PSS Baytron 

PH. Spin coating technique was used in depositing the polymer material. The spin coater used was 

Astrocel II BLE Delta 10, housed in a movable clean room from MCRPM, GmbH. The sample was 

prepared by placing it on the spin coater and then the polymer material was applied by special dropper with 

a filter at the front tip. The filters with 0.45 tJm pores were obtained from Millex Millipore, USA. Deposition 

speeds of the spin coater were preset at different speeds as follows: immediately after starting the spinning 

process, the spin coater was set to rotate at 100 rpm (revolution per minute) for 5 seconds, then 

accelerated to 500 rpm for 5 seconds, and thereafter to a speed of 2000 rpm for 60 seconds, then 

decelerated in two steps by decreasing speed to 500 rpm for 5 seconds and 100 rpm for 3 seconds, 

respectively before coming to stand still. Prior to spin coating, the PEDOT:PSS material was agitated in an 

ultrasonic bath for 15 hours continuous, this helped in producing an even coating and clustering of the 

material was avoided. After coating, the samples were then heated for 7 minutes in air on a hot plate at 

whose temperature had been set at 80 °C, this helped in drying up the samples after the wet deposition. 
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4.2.5 Front and back contacts of the solar cell 

The front and back contact of the solar cell were deposited by resistive evaporation of 99.998 % purity, 1 5 

mm thick and 2.0 em long gold (Au) wire, using a molybdenum boat. Prior to evaporation, the gold wire was 

cleaned in ultrasonic bath for 5 minutes in ethanol. The vacuum coating unit used was a Veeco Instrument 

model EC-200, the top part is shown in figure 4.5. The ultimate pressure prior to deposition ranged from 

1.5 - 2.0 x lo-s mbar, while deposition rate was always maintained between 0.5- 5 A;s. The 

thicknesses of these contacts varied according to the length of the wire used, mainly it was around 

0.8 - 1.8 kA, all thicknesses in this range were sufficient for the solar cell characterization. 

thickness 
monitor 

,--------,rk------vacuum chamber 

f~,,~,,,.~,,,.~,,,;~.:;:~;:;:~:::::::::::::::::::~:;::~:;:~i= i =~i=i =~i=i=~i=i=~1 _l _ _____ sample holder 

D============!oE---llf----- - shutter 

..-----"~------molybdenum boat 

pirrani gauge I I~_ ______ penning gauge 

L. ---------- controll lever 

Figure 4.5: Block diagram showing the top part of the vacuum coating system used in depositing 
front and back contact. 

4.3. Characterization of the thin films 

The thin films prepared following procedures explained in section 4.2, were characterized using different 

analysis techniques for: morphological, structural, optical and optoelectrical properties. The methods used 

are explained in the following sub-sections. 

UNIVfRSIT ' 0~ NA • ~I.J£:11 

LIBRA ~ 'I 
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4.3.1 Surface photovoltage (SPV) spectroscopy 

Photovoltage spectroscopy measurements were done using a setup consisting of: EG&G Princeton applied 

research type 5210 lock-in amplifier, Carl-Zeiss monochromater type 408069 (from former Germany DDR), 

and HMS light beam chopper type 220 for regulating signal frequency with maximum revolution speed of 

6000 rpm. The measurement cell shown in figure 4.6, consists of quartz homogenizer coated with 

semitransparent chrome (Cr) electrode, separated from the sample to be measured by a 50 ~m thick mica 

spacer The function of the quartz homogenizer is to support the chrome electrode and also prevent 

shunting due to the un-illuminated areas of the capacitor formed. The surface photovoltage (SPV) signal 

was measured using oscilloscope or lock-in amplifier as a voltage drop on load resistor R (Duzhko, 

et.al. ,2002). 

mica -----, f'l chopped or pulsed light sample V quartz homogenized with 
,--------, ~emitransparent Cr electrode 

L ' buffer>---0!> 

basic 
substrate conductive 

substrate 

R 

to lock-in amplifier 
or oscilloscope 

load 
resistor 

Figure 4.6: The samples' measurement section of the surface photovoltage spectroscopy setup 
used for determining band gap and tail state energy below the band gap. 

In order to allow free flow of charge carriers, all the samp es for surface photovoltage spectroscopy 

measurements were prepared on fluorine doped tin oxide coated glass substrates. The sample to be 
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measured was mounted on the basic substrate holder and mica was placed on top as shown in figure 4.6. 

The SPV spectra were mainly measured in the range between 0.4 and 4 eV at chopping frequency of 8 Hz, 

using a halogen lamp as the light source. The SPV technique was used to determine the band gap (E9) of 

the semiconductor materials used in fabricating the eta solar cell. Since the band gap of a semiconductor 

material is not abrupt, the surface photovoltage method was also used in determining exponential tail state 

energy (Et) below the band gap. The two values were determined using the following methods: for the case 

of the band gap, the square root of the sum of the squares of the in-phase and 90 o out - of - phase signal 

was computed using the following formula: 

RPV = .Jaz + b2 4.1 

where a is the in - phase and b is the 90° out - of- phase signals, respectively. 

The resultant photovoltage (RPV) ampl~ude value was then plotted as a function of photon energy in eV in 

the range 0.4 - 4 eV, the value of E9 was then obtained by taking the tangent at the maxima of the SPV 

signal. On the other hand, the exponential tail state energy (Et) below the band gap, was determined by 

taking the gradient of the SPV amplitude signal {see appendix A for illustration). 

4.3.2 Scanning electron microscopy (SEM) 

The Scanning electron microscope (SEM) was used to study the surface morphology of the samples. The 

models used were: S4100 HITACHITM SEM, and Carl Zeissn.t Leo 1530 SEM. Since all the thin films were 

coated on Sn0 2:F glass, no prior treatment was required before the scanning process. The two models of 

SEM used it was possible to view the samples at different angles, that is aerial, oblique or cross-sectional. 

The SEM photomicrographs were taken using a ceo {charged coupled device) camera interfaced to a 

computer such that it was possible to save the images directly into the computer hard disk. 

Different scanning electron micrographs were taken at magnifications that ranged from x 10,000 to 

x 200,000, and at various acceleration voltages of the SEM which were mainly from 5000 V to 10,000 V. 

The thtn films analysed using SEM technique were sol - gel and spray pyrolysis deposited titanium dioxide 

{Ti02), chemical bath deposited indium hydroxy sulphide (ln(OH)xSy) and lead hydroxy sulphide (Pb(OH)xSy 

thin films, respectively. 
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4.3.3 Energy dispersive X·ray (EDX) spectroscopy 

The material composition in the cross sectional layer structure of the completed solar cell was studied using 

Energy Dispersive X-ray (EOX) mapping. The procedure used in EDX mapping was by exciting particular 

elemental component in a specific thin film layer, for example, for TiOz, the element excited was titanium, 

for Indium hydroxyl sulphide, it was indium, etc. The energy dispersive X-ray mapping spectroscopy was 

done using S4100 HITACHP.,. SEM. The model of the SEM has an extra accessory for EDX mapping 

spectroscopy as an auxiliary unit. The mapping were performed for a completed solar cell of the type 

Sn02:F/TiOz/ln(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au. 

4.3.4 X-ray photoelectron spectroscopy (XPS) and X·ray Auger electron spectroscopy (XAES) 

Structural properties of Pb(OH)xSy and ln(OH)xSy were studied using X-ray photoelectron spectroscopy 

(XPS) and X-ray Auger electron spectroscopy (XAES). The samples studied were of the type 

ln(OH)xSy/SnOz:F and Pb(OH)xSy/l n(OH)xSy/Sn02:F, with the latter sample being meant for Pb(OH)xSy 

analysis. The idea of using ln(OH)xSy as substrate under-layer was mainly because it was not possible to 

deposit Pb(OH)xSy material on bare SnOz:F coated glass by chemical bath technique. The XPS/XAES 

spectroscopes' were done using VG CLAM4 m X-ray spectrophotometer. The materials composition of the 

chemical bath deposited thin films were analysed from the resulting spectrums of Pb(OH)xSy and 

ln(OH)xSy, respectively. Further studies on stoichiometry of Pb(OH)xSy layer were done by calibrating the 

spectrometer such that the reference to Cu 3p line, the Au 4f7 ; 2 line, the Auger electron Cu LJMM line and 

the Cu 2P3; 2 line appeared at 75.13, 84.00, 334.95 and 932.67 eV, respectively. 

4.3.5 Optical transmittance and reflectance 

The samples were characterized for optical transmittance and reflectance at room temperature using a 

Cary 500 UV - VIS - NIR spectrophotometer. The wavelength range scanned was 180 nm - 900 nm 

coinciding with the peak spectrum used in analyzing the solar cells. 

The standards used in calibrating the spectrophotometer were mainly float glass microscope glass slide for 

the case of transmittance and a barium sulphate coated standard for the case of reflectance 

measurements. 
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4.4. Characterization of the solar cell 

Different types of solar cells with dissimilar number of layers were analysed using current density - voltage 

(J - U) characterization at room temperature, and illumination intensity and temperature dependent J - U 

characteristics. The incident photon contribution was also studied by quantum efficiency measurements. 

Details of the study are given in the following sub-sections. 

4.4.1 Room temperature current- voltage (J • U) characterization 

The quality of solar cell is determined by studying its photovoltaic parameters. The current density- voltage 

(J - U) characterization is the most commonly used tool for analysis of solar cell devices. 

The room temperature J - U characterizations were done both in the dark and under illumination using a 

set up shown in figure 4.7 consisting of: DC source meter type KeithleyrM 237 high voltage source unit 

connected to a Hewlett Packard™ 34401A multi meter. A halogen lamp (General Electric m , 120 V, 300 W, 

type l268) was used as light source of the calibrated solar simulator (calibration: AM1.5, 100 mW/cm2 = 1 

sun). The front and back contact used in connecting to the terminals of the solar cell were in four point 

probe configuration, such that each terminal of the solar cell was connected to two point probes. 

Keithley 237 high 
voltage source meter 

[ 888888888888 J 
o c) o 

r 
I 

power supply 
for solar 
simulator 

_ _, 

Hewlett Packard 
34401A multimeter 

'"""1"1.11 

·-1 a o o o 1 
'---------' 

FC - Front contact 
B C - Back contact 

FC BC 
~c=~~~~~~~--~ 

Solar cell _j 

\iii/ 
Solar Simulator lamp 

Figure 4.7: Block diagram of the current- voltage characterization set up. 
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Different p - n junction types of devices have different ways of biasing, in our case, during the 

characterization process, the solar cell was connected front contact to negative and back contact to 

positNe. Before commencing measurements, a number of values useful for solar cell parameter 

measurement as well as calculation were keyed in the software used in controlling the set up, these 

included: start value voltage, end value voltage, number of data points and the area of the solar cell. The 

solar simulator light was illuminated from below, that is, the glass side of the solar cell in superstrate 

configuration. The measurements were first done in the dark and then under illumination. 

The light soaking analysis was done by first taking J - U characteristics for as - prepared solar cell, and 

then without disconnecting the front and back contact probes, the solar cell was maintained under 

illumination from 0 - 180 minutes, with J - U measurements being done at intervals of either 15 minutes or 

30 minutes. 

4.4.2 Intensity and temperature dependent current- voltage (JU-T) characterization 

The current transport mechanism of the solar cell were analysed by intensity and temperature dependent 

current - voltage (JU - T) characterization. This method helped in understanding the generation and 

recombination mechanism of the eta solar cell of the structure proposed in this thesis. Apart from solar cell 

parameters, the other values numerically calculated were the activation energy of reverse saturation 

current,} 0 and diode ideality factor, Ai. Measurements of the temperature dependent current- voltage (JU 

-T) were performed in an evacuated nitrogen cooled cryostat using a Keithley 2400 series current- voltage 

source meter. A halogen lamp (General Electric TM, 120 V, 300 W, type L268) calibrated to illuminate at 100 

mW/cm2 (calibration: AM1 .5, 100 mW/cm2 = 1 sun) and a set of neutral density filters were used for 

adjusting the light intensity. The experiments were performed as follows: the temperature was first lowered 

to T = 200 K, and then J - U characteristics were taken starting with measurement in the dark, followed by 

12 successive measurements under illumination. The light intensity was varied from 100 mW/cm2 to 0.05 

mW/cm2 by use of the aforementioned neutral density filters. The same procedure was applied for the 

successive temperature measurements up to 320 K, the temperature being consecutively changed in steps 

of 10 K. The procedure followed is clearly illustrated in Table 4.1, for example, at the lowest temperature 

200 K, twelve JU - T measurements were recorded beginning with when the illumination was at 100 

mW/cm2, then the light intensity was decreased in the following order to 70 mW/cm2, followed by 50, 25, 

10, 5, 2.5, 1.0, 0.50, 0.25, 0.1 and lastly 0.05 mW/cm2. After that, the temperature was increased to 210 K, 
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and same procedure repeated for 12 JU - T measurements, in total, 156 JU - T measurements were done 

for the solar cell, as shown in Table 4 .1. 

Table 4.1 Tabulated format of the procedure followed in performing intensity and temperature dependent 

JU-T characterization. Inner numbers shown in dark cells show the count. 

Temperature in degrees Kelvin 

200 210 220 230 240 250 260 270 280 290 300 310 320 

100 1 2 3 4 5 6 7 8 9 10 11 12 13 

70 2 

50 3 
N 

E 25 4 
..!2 
~ 10 5 E 
.!: 
;:::. 5 6 
Ui c: 

2.5 7 Q) 

£ 
:E 1.0 8 
.Ql 
_J 

0.50 9 

0.25 10 

0.10 11 

0.05 12 156 

4.4.3 External quantum efficiency (EQE) 

The external quantum efficiency was measured using a setup consisting of: 2 units of EG&G instruments 

model 7260 DSP Lock-in amplifier, Keithley 438 current amplifier, Keithley 236 source measure unit, and 

HMS light beam chopper 220 with frequency ability up to 6000 rpm, the setup connection is shown in figure 

4 7 The monochromator limitation was to scan the wavelength from 180 nm- 980 nm. The EQE setup is 

calibrated in such a way that after connecting the front and back contact of the solar cell, measurements 

can commence without requirement to specify area of the device being analysed. The monochromatic light 

illuminates the sample from the back (glass side) as shown in figure 4.7. 
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Figure 4.8: External quantum efficiency (EQE) set up used in characterizing the solar cells. 

Page 42 



CHAPTER 5 

Results and Discussions 

5.1 Introduction 

In this chapter results obtained after analysing different thin films and solar cells of various layer structures 

are presented. The findings thereof and discussions are arranged as follows: In section 5.2 characterization 

of the thin films to be used in fabricating the solar cells and their properties are discussed. Section 5.3, the 

properties of the eta solar cell fabricated are explained as well as the effects of thicknesses of specific thin 

film layers used and their role in the device. The effect of light soaking and degradation studies after light 

soaking are discussed in section 5.4. Lastly, in section 5.5 study of transport mechanisms in eta solar cell is 

expounded. The last section mainly explores the types of recombination mechanisms which take place in 

solar cells based on the eta concept. 

5.2 Thin films characteristics 

Thm films grown using a specific method have unique properties as a result of for example: (i) the intrinsic 

characteristics of deposition procedure (compare morphology of Ti02 deposited by spray pyrolysis and sol­

gel technique), (ii) properties of the underlying substrate material (effects of epitaxial growth). or (iii) the 

concentration of the precursor materials used (on the effects of band gap). It is important to understand 

these distinctive characteristics of the thin films meant for fabricating solar cells since they affect the overall 

behaviour of the device. It is in this regard the following subsections characteristics of the thin films used in 

this work are explained. 

5.2.1 Surface morphology of titanium dioxide (Ti02) 

Figures 5.1 and 5.2 are photomicrographs showing the surface morphologies of spray pyrolysis deposited 

titanium dioxide (Ti02) thin films magnified at x30,000 and x10,000, respectively. It is observed that for thin 

films deposited by spray pyrolysis technique, the top surface has a highly structured microporous and 

canyon-like structure. The photomicrograph in figure 5.2 taken at an angle reveals that. the thin film grows 

with a characteristic compact layer at the contact between the film and the fluorine doped tin oxide 

(SnOfF) coating on the glass substrate. while at the surface it is highly porous. 
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Figure 5.1: Scanning electron micrograph of Ti02 deposited by spray pyrolysis, magnified at 
x30,000. The arrows show the Ti02 coating and the micrometer (~m) sized pores. 

SnDl:F on glass' 

/ 
H M I 9 5 4 5 • 0 k v >< 1 0 • 0 k' ':3 ~ B 'e' ~ m 

Figure 5.2: Scanning electron micrograph of spray pyrolysis deposited Ti02 magnified at x10,000. 
The arrows point at the compact layer in contact with Sn02:F coating on glass (Belaidi, 2004). 
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The sol - gel deposition method produced Ti02 thin films of different surface morphology compared to 

those deposited by spray pyrolysis as shown in figure 5.3. The sol-gel deposited Ti02 thin film is a highly 

structured and cauliflower-like at the surface, but at the interface with the FTO (fluorine doped tin oxide) it is 

compact and nonporous (compact layer not visible in this top-down photomicrograph). The local thickness 

of the so~gel deposited no2 ranged between 2 - 3 ~m. depending on the number of coating dips in the 

solution. The thickness was measured using alpha step thickness monitor and/ or estimated by use of 

scanning electron microscopy cross-sectional measurements. 

In solar cells fabrication the highly structured surface is favourable for optical light trapping due to its 

inherent porous surface, specular reflectance is substantially reduced while at the same time diffuse 

reflectance is highly enhanced (Ernst, et. a/, .2001; Kaiser, et. a/.,2001; and Levy- Clement, et. a/. ,2002). 

Figure 5.3: Scanning electron micrograph of commercial sol - gel deposited Ti02 magnified at 
xso,ooo. Deposition was done at Sg - Lux GmbH, Berlin, Genmany, (Sg- Lux, 2003). 

The highly structured microporous surface is the key feature desirable in eta solar cell since it serves to 

·ncrease the surface area for light photon harvesting, therefore making it possible to decrease the thickness 

of the absorber material by the same factor of the surface enlargement. 
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Figure 5.4 shows a 100 nm thick sol-gel deposited compact Ti02 thin film magnified at x200,000. It is 

observed that, the coating is nonporous and homogeneous; both at the top surface and at the contact with 

the interface of the FTO. Typical thickness of compact TiOz film is< 1 IJm. Unlike porous Ti02 the compact 

layer thin film plays a different role in solar cell fabrication. It acts as blocking layer and therefore improves 

the rectifying behaviour and overall photovoltaic properties of the solar cell (Peng, et. al., 2004). 

Figure 5.4: Scanning electron micrograph of sol - gel deposited compact Ti02 magnified 
at x2QO,OOO. The arrows points at TiOz compact thin film coating and glass substrate. 
The SnOz:F coating between TiOz and glass is not clearly discemable. 

5.2.2 Surface morphology of Indium hydroxy sulphide (ln(OH}xSy) 

The photomicrographs in figures 5.5 and 5.6 show morphologies of chemical bath deposited (CBD) -

indium hydroxy sulphide thin films. Figure 5.5 is for the case of one cycle coating and is observed to grow 

in form of spherical cluster islands on titanium dioxide substrate. On further deposition of ln(OH)xSy, 

clusters coalesce together to form linear or spherical growth as shown in figure 5.6. The ln(OH)xSy film 

deposited in three cycles shows a highly structured surface, which is compact at the interface with the glass 

substrate, 
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Example of ln(OH)xSy cluster 

/ 

Figure 5.5: Scanning electron micrograph for as deposited CBD-In(OH)xSy and magnified at 
x100,000, arrow shows typical cluster of ln(OH)xSy for a sample deposited on Ti02 coated 
substrate in one cycle. 

Figure 5.6: Scanning electron micrograph for as deposited CBD-In(OH)xSy and magnified at 
x1Q0,000. The sample was deposited on TiD2 coated glass substrate in three cycles. Arrow A 
shows spherical growth while B points at linear growth. 
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and nanoporous at the top surface, the compact structure is shown in figure 5.7 magnified at x100,000. 

Compact layer growth Top porous surface 

Glass substrate 

~~ - ........ _ 
t.,teg c 100 00 K X Pb:el Si::a = 2 ~ nm l'<tl• 4 rml o.te<ler •lrt.- Dole 1; Vav 2005 - HMI• Befiln 

E!HT•tOOOkV ~ F1iootll!me=Ato!>Ce111_(l6LI T•mo 1?1•~~ SolareneTgie 

Figure 5.7: Scanning electron micrograph of CBD -ln(OH)xSy thin film magnified at x100,000. The 
arrows show the compact layer growth. 

The thickness of chemical bath deposited (CBD) - ln(OH)xSy film was estimated to be about 80 nm, for 

coating deposited in three cycles. There is no distinction in surface structure for as-deposited CBD -

ln(OHhSy film compared to that of the argon atmosphere annealed ln(OH)xSy (thus for the purpose of 

explanation we use photomicrograph of either of them), the only notable physical difference is change in 

hue, for as-deposited CBD - ln(OH)xSy film which was bright yellow in colour and then it changed to orange 

in colour after annealing in inert atmosphere. 

The morphological growth of CBD - ln(OH)xSy as a compact layer at the contact with glass substrate and 

as open microporous film at the surface suggests that the thin film may be suitable as wide band gap 

sem conductor for solar cells apart from acting as a buffer layer material (Kaufmann, 2002), since the 
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compact structure will be useful for good rectification while the highly structured surface will enhance 

optical light trapping. 

5.2.3 Surface morphology of lead hydroxy sulphide Pb(OH)xSy 

Figure 5.8 is the photomicrograph of chemical bath deposited lead hydroxy sulphide (Pb(OH)xSy) coated on 

spray pyrolysis deposited titanium dioxide substrate underlayer. The CBD- Pb(OH)xSy film shown in figure 

5.8, is barely visible by SEM. 

~ 

., ! ·~ 
., 

. ' 

Figure 5.8: Scanning electron micrograph for CBD- lead hydroxy sulphide depos~ed on Ti~ 

magnified at 30,000. The arrows points at Ti02 porous matrix and typical Pb(OH)xSy clusters. 

The Pb(OH)xSy particles grew by clustering on the surface of the Ti02 matrix forming a thin film layer of 

approximately 10 nm thick. Also it should be noted here that it was not possible to grow coating of 

Pb(OH~Sy on bare Sn02:F coated glass. The samples used for SEM analysis had either been depos~ed 

on ln(OH)xS~Sn02:F or Ti02fSn02:F substrates. The physical appearance of the thin films was brownish in 

colour. Further deposition increasing their thickness made the thin films tum black in colour. 

The chemical bath deposition method makes it possible to alter the properties of Pb(OH)xSy especially the 

band gap through variation of concentration of precursor materials, (Oja, et. al., 2006). Hoyer and 
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Konenkamp (1995) demonstrated that it is possible to engineer the band gap of PbS thin film from 04 eV 

for bulk material to as wide as 2.0 eV for thin film, this is confirmed later in our discussion in section 5 2.7 

5.2.4 Poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonic acid 

Figure 5.9 is the chemical structure of electrically semiconducting polymer used in this work. The p- type 

wide band gap semiconductor shown is a polythiophene derivative poly(3,4-€thylenedioxythiophene) 

(PEDOT) doped with a water-soluble polyelectrolyte known as polystyrene sulfonic acid (PSS). Three types 

of undiluted industrially developed PEDOT:PSS were used in the course of doing this work, these included, 

Baytron P, Baytron PH, and Baytron formula. 
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Figure 5.9: Chemical structure of poly(3,4-ethylenedioxythiophene) doped with polystyrene 
sulfonic acid (PEDOT:PSS). 

The PEDOT:PSS belongs to a family of conducting polymers mainly from derivatives of polyanilines, 

polypyrroles, polythiophenes, potyphenylenes, and poly(p-phenylene vinylene)s. The most environmentally 

stable (especially when exposed to open air and temperature) amongst these polymers are only 

polythiophene and poly(Jrphenylene vinylene) (Huang, et. a/.,2003; Jonsson, et. a/., 2003). The 

conductivity of PEDOT:PSS is known to remain stable when treated for over 1000 hrs at 100 oc, but 

undergoes irreversible structural changes in the PEDOT chain after 48 hrs in the air at 150 oc, this implies 

that the oxygen molecules in the air do not have adverse effects on the polymer chain for temperatures 

below 100 oc (Groenendaal, et. a/.,2000). 
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5.2.5 Stoichiometry of lead hydroxy sup hide (Pb(OH)xSy). 

X-ray photoelectron spectroscopy (XPS) and X-ray induced Auger electron spectroscopy (XAES) survey 

spectra for the samples of the type ln(OH)xSy/Sn02:F and Pb(OH)xSy/ln(OH)xSy/SnOiF are shown in figure 

5.10. 

-::i 
.!!. 

1000 800 600 400 200 0 

Binding Energy [eV] 

Figure 5.10: X-ray photoelectron and X-ray Auger electron survey spectra's for two samples of the 

type {a) ln(OH)xSy/Sn02:F/glass, and (b) Pb(OH)xSy/ln{OH)xSy/Sn02:F/glass substrate. 

In the figure, the sample represented by the upper spectrum labeled (a) is ln(OH)xSy coated on 

Sn02:F/glass substrate, while the lower spectrum labeled (b) is for sample of Pb(OH)xSy coated on 

n(OH)xSy/Sn02:F/glass substrate. 

1n figure 5.10, the upper spectrum labeled (a) shows Mg Ka photoelectron excitation in indium (In), sulfur 

(S) and oxygen (0) atoms from different atomic orbitals (example 1s, 2p, 3p and 4d etc), and a possible 

contamination because of the presence of carbon (C) atom. The upper spectrum also shows MNN Auger 

electron excitation in indium atom, where the first letter M denotes the core level hole, while the middle N is 

the relaxing electron's initial state and last letter N is the emitted electrons initial energy state; the Auger 
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electron nomenclatures is defined by j- j coupling method for heavy elements (Z ~ 75) and the Russell 

Sanders (l- S) method for lighter elements (Z < 20) and a combination of both for intermediate elements, 

Z denotes the atomic number. In the same figure 5.10, the lower spectrum labeled (b) reveals 

photoelectron excitation from different atomic orbitals in lead (Pb), and also Auger electrons excitation KLL 

and LMM in oxygen (0) and sulfur (S) atoms, respectively (Kittel, 1996). 

In X-ray photoelectron spectroscopy, the intensity of those photoelectrons emitted by the sample is 

measured as a function of their kinetic energy, and normally plotted as a function of the electron binding 

energy as shown in figure 5.10 and the subsequent figures for XPS and XAES analysis. 

The presence of oxygen in the survey spectra labeled (b) in what we initially believed was lead sulphide 

(PbS) depos~ed by chemical bath deposition led us to perform further analysis in order to understand its 

stoichiometry (the quantitative relationship between two or more substances especially in processes 

mvolving physical or chemical change). 

Upon excitation of CBD-Pb(OH)xSy thin film with Pb NOO Auger signal, it revealed an unusual shape as 

shown in figure 5.11 (a) suggesting that the signal might be from contribution of auger electrons from at 

least two different Pb compounds. The presence of two different Pb compounds was confirmed by using Pb 

4f, 2 emission as shown in figure 5.11 (b). The doublet signals can be clearly observed, the main signal 

contribution (II] which peaks at 137.3 ± 0.1 eV can be attributed to PbS, this is corroborated by literature 

data (PbS - 137.3- 137.8 eV) from work done by Pederson (1982). In figure 5.11 (b), a clear signal can 

also be observed at 138.3 ± 0.1 eV, which can be attributed to PbO. The PbO contribution (I] is in good 

agreement with literature work done by Pederson (1982), where PbO signal was recorded to appear 

between 137.4 ± 0.1 -139 ± 0.1 eV. The signal for component [II] was also confirmed by 0 1s emission 

spectra shown in figure 5.11 (c). In figure 5.11 (c) the main signal is attributed to PbO since this is also 

supported by literature work by Kim, et. af., (1973); Wagner, et. af., (1980), for PbO (527.5- 531 .6 eV). 
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Figure 5.11: X-ray photoelectron and X-ray induced Auger electron spectroscopies for 
Pb(OH)xSy/ln(OH)xSy/Sn02:F sample excited with (a) Pb NOO (b) Pb 4f7 ; 2 (b) and 0 1 s Auger signals 

from Mg Ka source. 
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At higher binding energy, a small signal was observed at 532.8 ± 0.1 eV. In the literature work published 

by Bayon, et. a/., (2005; 2006), the signal observed at 532.8 ± 0.1 eV (figure 5.11 (c) signal labeled lb) is 

ascribed to the presence of either adsorbed water or to OH groups. The latter suggestion has been 

confirmed in a recent work carried out by Gavrilov, ef. a/., (2006) , where they found hydroxide ions in the 

film composition by using Elastic Recoil Detection Analysis (ERDA) technique. 

Using the mixed phase contribution of the two Pb compounds, the area under the curve for Pb 4f312 

emission were fitted using Voigt function (a convolution of Gaussian profile and Lorentzian profile), and it 

was found that the contribution by PbO and PbS compounds had a ratio of about 1.0 : 3.8, revealing that 

the absorber is more or less a PbOkSa with k = 0.21, nonetheless, in this work we will be referring to the 

absorber material as Pb(OH)xSy, the formulation adopted by Gavrilov, ef. a/., (2006), in their recent work 

(see also literature review). In these results the likelihood of formation of a mixed lnPb(OH)xSy phase due to 

ion exchange was not detected. 

5.2.6 Surface photovoltage spectroscopy {SPV) analysis 

Surface photovoltage spectroscopy (SPV) produces two types of signals, in-phase signal shown in figure 

5.12a, b and c using filled circles and goo out-of-phase signal with respect to the chopped light shown in 

figure 5 12a, b and c using open circles. Figure 5.12 shows graphs of three types of samples analysed 

using SPV spectroscopy. All samples analysed and shown by graphs in figure 5.12 are multilayered type 

consisting of: (a) ln(OH)xSy!Ti02, (b) Pb(OH)xSy/Ti02 and, (c) Pb(OH)xSy/ln(OH)xSyfTi02 . In all cases, Ti02 

was annealed at 450 oc to form anatase Ti02 prior to deposition of ln(OH)xSy or Pb(OH)xSy or both, 

respectively. Also, ln(OH)xSy was annealed in argon atmosphere at 300 oc for 30 minutes as explained 

earlier in section 4.2.2. The in-phase photovoltage signal is positive for samples of the type ln(OH)xSy!Ti02 

and Pb(OH)xSy/ln(OH)xSy/Ti02, respectively, whereas for Pb(OH)xSy!Ti02 sample, the signal is negative. 

The phase-shifted signal is observed to oscillate from negative to positive and vice versa at different photon 

energy, eV (or wavelength nm). 

The surface photovoltage spectroscopy (SPV) is a technique for investigating both optical (spectral 

properties of photo voltage) and transport (time resolved properties of photovoltage) properties of 

semiconductor materials using photovoltage. 
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Three processes are involved in generation of photovoltage signal, these are: absorption of light photon, 

followed by generation and separation of electron - hole pair, and eventual charge transport in respective 

electrodes. In this work, SPV studies were perfonned in order to obtain information about both band gap, 

E9 and energy values below the band gap, in the exponential absorption tails, E1. The onset of the SPV 

signal indicates the separation in space of the photo-generated electron - hole pairs when light absorption 

sets on. 
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halogen larrp 

1 fmod =8Hz 

1 0 
-- 1n phnse 
--<>- phase Shifted by goc 

1 2 3 4 

Photon energy (eV) 

Figure 5.12: Surface photovoltage spectroscopy for different multilayered samples, (a) Ti02fln(OH)xSy, 

(b) Ti02/Pb(OH)xSy and (c) Ti02/In(OH)xSy/Pb(OH)xSy, the filled circles depicts the in-phase component 

while the unfilled circles shows the 90° phase shifted signal. 

A positive amplitude of SPV signal for the in-phase signal means that excess negative charge carriers are 

being injected into the bulk of the material with respect to the positive charge carriers (Ouzhko, 2002). 

F1gure 5.12(a) shows a positive in-phase signal for ln (OH)xSyfri~ sample, this implies that excess 

negative charge carriers are being injected into the bulk Ti02 thin film. In contrast, figure 5.12(b) shows the 
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opposite situation which is quite unusual. In this work we attributed this to trap states dominance at the 

interface between the absorber material (Pb(OH)xSy) and Ti02 thin film. Lastly, the spectra for multilayered 

film consisting of ln(OH)xSy thin film sandwiched between Pb(OH)xSy and Ti02 is shown in figure 5.12(c). A 

positive in-phase signal for energies lower than 2.4 eY is observed for Ti02fln(OH)xSy/Pb(OH)xSy multilayer 

film. This means that unlike in the Ti02/In(OH)xSy sample, the positive charge carriers are separated 

towards ln(OH)xSy deposited on Ti02 and injected into the bulk ln{OH)xSyiTi02 material. The deduction 

arrived at is corroborated by literature work earlier reported by Bayon, ef. at., (2005; 2006). 

5.2.7 Band gap (E9) and exponential tail state (Et) energy analysis 

Figure 5.13 shows surface photovoltage (SPY) amplitudes in logarithmic scale as a function of photon 

energy in eY, for Ti02, ln(OH)xSy and Pb(OH)xSy thin films. 

ln(OH)xSy 

1 Pb:OH .S, .~~.~ -> 6.~ Ti02 

E .i. 
....._.. 

on IX r Q) 
"0 

0.1 :::J ...... 
15. • 
E 

i • 
cu ln(OH),s ,j ! 

5: 0.01 ~ . 
I 

on Ti02 
• 

as-prepared 

0.5 1.0 1.5 2.0 2.5 

Photon energy (eV) 

Figure 5.13: Surface photovoltage spectroscopy amplitude for Pb(OH)xSy prepared on ln(OH)xSy (filled 

triangles) and Ti02 (open triangles), ln(OH)xSy as prepared (unfilled circles) and annealed sample (filled 

circles) and Ti02 (squares). 

For the purpose of comparison analysis of the effect of underlying substrate material, the Pb(OH)xSy thin 

film coated on Ti02/Sn02:F and ln(OH)xSy substrates, are shown in figure 5.13 using SPY signals plotted 

With open and filled triangles, respectively; this was necessitated by the fact that it was not possible to grow 

th1n films of Pb(OH)xSy on bare Sn02:F/glass substrate. 

Page 56 



The following was deduced from the results shown in figure 5.13: the band gap energy of anatase Ti02 was 

calculated to be approximately E9 = 3.2 eV, and since the band gap energy is not abrupt the energy in the 

exponential tail states below the band gap Et was computed from the gradient of the amplitude signal of the 

graph shown for Ti02 and was approximately Et = 45 meV. For the case of ln(OH)xSy thin film, the band 

gap and tail state energies for as-prepared sample were approximately; E9 = 2.4 eV, and E1 = 80 meV, 

respectively. After annealing the sample in argon atmosphere at 300 oc for 30 minutes, the band gap and 

exponential tail state values shifted to E9 = 2.2 eV and Et = 190 meV, respectively. These changes could 

mean that ln(OH)xSy underwent stoichiometric changes or developed deep defects states after annealing 

(Bayon, et. a/., 2002; 2005; Bayon and Herrero, 2000). The changes in stoichiometry after annealing 

ln(OH)xSy are also supported by the observed decrease in optical transmittance of the material as shown in 

figure 5.14. 
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Figure 5.14: Optical transmittance of as prepared ln(OH)xSy (not annealed) and ln(OH)xSy 

annealed in argon atmosphere for 30 minutes at 300 oc. 

Interestingly, for the case of Pb(OH)xSy, the two samples namely Pb(OH)xSyfTi02 and Pb(OH).Sy/ln(OH)xSy 

had the same value for band gap and exponential tail state energy below the band gap, that is E9 = 0.85 eV 

and Et = 40 meV, respectively. The observation suggests that, the formation of a mixed homogeneous 

lnPb(OH)xSy phase due to ion exchange mechanism seems unlikely, thus supporting XPSIXAES results 

earlier discussed. 
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5.2.8 Band gap optimization of the buffer layer. 

Surface photovoltage spectroscopy technique was used to monitor variation in the band gap for as­

prepared ln(OH)xSy to be used as the buffer layer. Figure 5.15 shows photovoltage amplitudes plotted as a 

function of photon energy in eV. 
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Figure 5.15: Surface photovoltage spectroscopy measurements for ln(OH)xSy deposited at 

different pH values. 

It is observed in figure 5.15 that, when pH value of the aqueous solution used in preparing the samples was 

decreased from 3.0 - 2.0 pH, it resulted in corresponding increase in photovoltage amplitude signal. The 

change in pH value is as a result of varying the HCI precursor concentration in the chemical bath as 

explained in section 4.2.2. The concentration in this case was varied from 0.02 - 0.001 M resulting in pH 

changes of the aqueous solution from 2.0 - 3.0. 
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Ftgure 5 16 shows band gap energy in eV of ln(OH)xSy samples plotted as a function of pH of the solution 

used in coating respective samples. The band gap values were computed from the photovoltage amplitude 

s1gnals shown in figure 5.15. It is observed in figure 5.16 that, thin films of ln(OH)xSy fabricated using 

aqueous solution with pH values of approximately <2.5, had band gaps < 2.6 eV, whilst those samples 

fabricated from aqueous solution of higher pH values that is >2.5, the band gaps of the samples produced 

were between 2.6 - 3.5 eV. 
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Figure 5.16: Derived E9 as a function of pH value of ln(OH)xSy SPV analysis shown in figure 5.15. 

The question marks depict the likelihood of ln(OH)xSy phase in either of the sections. 

The changes observed in band gap energies in ln(OH)xSy thin films as a result of varying the pH of the 

aqueous solution used in their deposition, may be attributed to phase changes during coating. This allusion 

1s corroborated by similar work reported in the literature by Bayon, et. a/.,(1998; and 2002) and Bayon and 

Herrero, (2000), that changes in pH of the aqueous solution influences the contents in ln(OH)xSv. such that 

htgher pH values give high content of hydroxide and/or oxide, whereas dominant content in sulphide is 

realised when deposition is done at low pH value of the chemical bath solution. 
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5.2.9 Effect of annealing ln(OH)xSy thin film 

~ne effects of annealing temperature on ln(OH)xSy thin films is shown by the photovoltage amplitudes as a 

function of photon energy in figure 5.17. The figure shows ex-situ measurements of photovoltage 

spectroscopy amplitudes for the same sample at different stages of annealing temperature from 100 oc. 

500°C. At each stage shown, the sample prior to measurement had been annealed in inert atmosphere for 

30 minutes at the temperature indicated in each of the diagrams. The SPV maximum peak amplitude is 

observed to initially increase with increasing temperature from surface photovoltage amplitude of 

approximately ~ 6 x to-sv at 100 octo ~ 12 x to-sv at 400 oc, thereafter, at higher temperature 

of 500°C, the ln(OH)xSy thin film begins to irreversibly break down and the maximum signal of the surface 

photovoltage is observed to drop significantly to ~ 5.0 x to-sv. The annealing temperature also is 

observed to have a strong influence on the band gap of ln(OH)xSy thin film, at 100°C the band gap of the 

sample was approximately 2.2 eV and it decreased to around 1.7 eV at 500 °(, as shown in figure 5.17. 

The SPV spectrum is also observed to widen with increasing temperature, and this can be ascribed to the 

effect of temperature on the ln(OH)xSy structure. As the temperature is increased, a critical point is 

reached and the samples structure begins to breakdown at high temperature, this is as depicted by SPV 

s~gnals when the sample was annealed at 1 00°C, 200°C, 400°C and 500°C. The signals' onset is observed 

to begin at decreasing photon energy at each corresponding annealing temperature, and upon reaching 

maximum value, it drops at higher photon energies. 

The changes observed in surface photovoltage amplitudes maximum peak values and band gaps, when 

the sample is subjected to different levels of annealing temperature may be attributed to changes in 

ln(OH)xSy stoichiometry. This is in accordance to works reported elsewhere (Bayon, et. a/.,1998; 1999; 

2002; 2005; 2006; Barreau, et. a/., 2003; Kaufmann, 2002). 
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Figure 5. 17: Influence of temperature on ln(OH)xSy annealed in argon atmosphere at different temperature 

levels (100 oc- 500 °C). SPV measurements were done after annealing the sample at the temperatures 

shown. After each measurement the sample was annealed at higher temperature. 
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5.2.10 Effect of ln(OH)xSy layer thickness 

The effects of varying layer thickness of the as-prepared ln(OH)xSy thin film are shown in figure 5.18. The 

legends shown in the figure, 1 dip means that the samples of ln(OH)xSy thin film were prepared following 

procedure described in section 4.2.2 in one cycle, while 2 dips or any subsequent number of dips means 

the samples were coated in the corresponding number of cycles, with each cycle lasting 30 minutes, and 

the'l fresh chemical bath solution was prepared. The photovoltage amplitudes shown are for the same 

sample at different levels of layer thickness growth depending on the number of coating cycles/ dips in the 

chemical bath solution. 

From figure 5.18, it is observed that the photovoltage amplitudes for all samples coated with 1 - 4 dips 

were approximately the same that is :::::: 6.5 x lo-s V, whereas the sample coated in 5 dips, the surface 

photovoltage amplitude was higher at approximately 7.4 x lo-s V. The estimated band gaps for the 

samples were observed to decrease with increasing number of deposition cycles, and they were 

approximately: 1 dip coating £9 = 2.25 eV; 2 dips coating £9 = 2.22 eV; 3 dips coatings £_9 = 2.14 eV; 4 

dips coatings £9 = 2.12 eV and 5 dips coating £9 = 1.8 eV. 

The observed general decrease in band gap of the samples may be ascribed to stoichiometric changes 

s1nce the longer the duration the sample is maintained in the chemical bath solution, the more the influence 

of hydroxide and/oxide and sulphide content during growth/ formation of the thin film (Bayon, et. a/,.1998; 

2002). 

-
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Figure 5.18: Surface photovoltage spectroscopy analysis of ln(OH)xSy thin film of different thicknesses 

depending on the number of dips in the chemical bath solution. 
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5.3 Characterization of the eta solar cell 

In th:s section, results and the steps toward attaining a full functional eta solar cell are discussed. Various 

soar cell structures were investigated in order to understand the role played by specific layers used in 

fabrication of the devices. The results thereof for solar cells studied at room temperature using 

optoelectrical (current density- voltage (J - U) and external quantum efficiency (EQE)) techniques, as well 

as structural analysis are explained. 

5.3.1 Sn02:F/Ti02iAu device characteristic 

Figure 5.19 shows the first step towards fabrication of the eta solar cell, titanium dioxide (Ti02) thin film is 

coated on glass one side with fluorine doped tin oxide (Sn02:F) layer. The back contact is made of gold 

(Au) or carbon (C) paste since they have almost the same work function of about 5.1 eV. 

Au/ C back contact 

Glass coated with Sn02:F layer 

Figure 5.19: Structure of the Schottky diode type of device used for testing rectification of Ti02. 

Figure 5.20 shows the J - U characteristics of the Schottky diode type of device with rectification 

(photovoltaic effect) of up to 0.6 V in open circuit vottage when the sample is in the dark as well as when it 

ts under illumination. The J - U characteristics demonstrates that Ti02 has excellent blocking properties 

essential for good photovoltaic effect of a solar cell. Also it shows that the gold back contact does not 

diffuse into the bulk of the material since there are no signs of shunting for both dark or under illumination J 

- U characteristics. 
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Figure 5.20: Rectification characteristics of Sn02:FITi02/Au Schottky diode type of device. 

5.3.2 ETA solar cell device, Sn02:F/TiO:iPb(OH)xSy/PEDOT:PSS/Au 

The solar cell structure we adopted is shown in figure 5.21 and is based on the novel eta concept first 

proposed by Konenkamps' group working at Hahn Meitner Institute GmbH1 in the 1990's (Siebentritt, et. a/., 

1997). 
Au back contact 

PEDOT:PSS 

Pb(OH)xSv 

Ti02 

Glass coated with Sn02:F layer 

Figure 5.21: Initial eta solar cell proposed in this work, n- type material is Ti02, p- type material 

is PEDOT:PSS and the absorber material is Pb(OH)xSy. 

~enamed 1n 2008 Helmoltz Centre Berlin for Materials and Energie, Lise Meitner Campus 
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In figure 5.21, Pb(OH)xSy extremely thin absorber (eta) material is shown sandwiched between two wide 

band gap semiconductors, one n- type (Ti02) and the other p- type (PEDOT:PSS). the band gaps of the 

two semiconductors are 3.2 eV (Bayon, et. a/., 2005; 2006) and 2.0 eV (Song, et. a/., 2005). respectively 

The solar cell is completed with Au back contact with the front contact being provided by Sn02:F layer or a 

thin film of gold on the glass substrate. The current density - voltage characteristics of the solar cell are 

shown in figure 5.22. The eta solar cell displayed very poor short circuit current density and open circuit 

voltage of about l sc = 1.8 J1A/cm2 and U0 c = 0.014 V. The J - U characteristics of the device are 

ohmic in nature with very low conversion efficiency of (17) = 0.01 %. The observed J - U characteristics 

shows there is heavy recombination at the interface between Ti02 and Pb(OH)xSy and consequently there 

is a need for buffer layer compatible with both materials to mitigate charge carrier loss effects. 
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Figure 5.22: J - U characteristics for Sn02:F/Ti02/Pb(OH)xSy/PEDOT:PSS/Au, eta solar 

cell under illumination and in the dark. 
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5.3.3 Effect of ln(OH)xSy buffer layer on ETA solar cell device 

The modified eta solar cell using ln(OH)xSy recombination barrier inserted between the Ti02 and Pb(OH)xSy 

1r1lerface is shown in figure 5.23. The suitability of ln(OH)xSy for use as a buffer layer when chacolgenide 

(chemical compound consisting of at least one chacolgen ion, that is, either sulfides, selenides or tellurides) 

material is used as sensitizer for transparent semiconductor is described in the literature by Kaufmann 

(2002), Kaufmann, et. a/.,(2002) and, Wienke, et. a/.,{2003). 

C back contact 

PEDOT:PSS 

Glass coated with Sn02:F layer 

Figure 5.23: Modified eta solar cell structure, ln(OH)xSy has been used as a buffer layer at 

the Ti02 and Pb{OH)xSy interface. 

The J - U characteristics of the eta solar cell when as-prepared ln{OH)xSy buffer layer is used improved 

substantially with Uoc increasing 22 times higher than when the device is used without the buffer layer. The 

other solar cell parameters also improved with Jsc = 0.7 mAl cm2, FF = 0.3021 and conversion efficiency, TJ 

= 0.07%. In order to use recombination barrier optimally, after coating CBD -ln(OH)xSy, it was annealed at 

300 oc for 30 minutes in argon atmosphere before depositing CBD - Pb(OH)xSy and PEDOT:PSS. 

Annealing the buffer layer gave us the best results for eta solar cell; these are shown by J - U 

characteristics in figure 5.25. The device open circuit voltage and short circuit current density were 281 mV 

and 7.4 mAl cm2, respectively. The fill factor was approximately 0.4 and the overall conversion efficiency 

was about 0.83%, while series and parallel (shunt) resistance of the device were calculated to be 

approximately 47.4 .nand 4758.9 n. respectively {see appendix B for screen shots of the software used in 

calculations). 
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Figure 5.24: J- U characteristics for Sn02:FfTi02/In(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au, 
eta solar cell with as-prepared ln(OH)xSy as a buffer layer. 
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Figure 5.25: J - U characteristics for Sn02:FfTiQVIn(OH)xSy/Pb(OH)xSy/PEOOT:PSS/Au, 
eta solar cell with annealed ln(OH)xSy buffer layer giving the best conversion efficiency. 
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The performance of the eta solar cell was quite outstanding compared to similar devices based on the eta 

concept. The eta cell presented was the first device ever since the inception of the eta concept to be 

tabncated using the absorber thickness fulfilling the eta cell concept definition in the range of ~ 10 nm. 

Controversy still rages though on whether the device should be classified as the eta solar cell because the 

use of buffer layer altered the device structure that is, sandwiching extremely thin absorber between two 

wide band gap semiconductors. 

The incident light photon contribution to charge carrier generation is shown by figure 5.26, as external 

quantum efficiency (EQE) measurement as a function of wavelength analysed between 350 nm to 900 nm. 

The spectral response of EQE is observed to start at 350 nm at 6.5% and increases to a peak maximum of 

approximately 16% at about 550 nm, and then it starts to drop with increasing wavelength up to 900 nm. 
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Figure 5.26: External quantum efficiency (EQE) performance for Sn02:FmChlln(OH)xSy 
/Pb(OH)xSy/Au eta solar cell measured from 350 nm to 900 nm. Inset is the calculated Jsc 
value. 
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Interestingly, there is no significant contribution to EQE signal by the Pb(OH)xSy absorber whose band gap 

was estimated to be about 0.85 eV, which means the peak absorption wavelength of the material should be 

about 1459 nm, therefore in order for the absorber material used to make any contribution, it is expected 

the EQE to be larger for wavelengths beyond 700 nm, which is not the case as is shown in figure 5.26. The 

observation suggests that the interface between ln(OH)xSy/Pb(OH)xSy may also be contributing to the 

photovoltaic action of the eta solar cell, a conclusion that corroborates earlier works (Oja, et. a/., 2006; 

Musembi, et. a/., 2008). Current density of the eta solar cell was also calculated from EQE spectral 

response by integrating the area under the curve in figure 5.26, and by using normalization method to get 

approximately Jsc = 8.1 mA/cm2, which agrees well with the short circuit current density obtained from J - U 

characteristics measurements. 

The trend in solar cell parameters which includes open circuit voltage, fill factor, short circuit current density 

and conversion efficiency were further used in analysing solar cell behaviour to gain deeper understanding 

of the device. Table 5.1 shows typical example of such parameters for various solar cells w~h different 

performances. 

Table 5.1: Typical solar cell parameters for different solar cells used in analysing performance trend 

Cell No·. Jsc (mA/cm2) Uoc: (V) FF Efficiency(%) 

1 6.96 0.2820 0.3964 0.78 

2 7.41 0.2813 0.3980 0.83 

3 6.37 0.2635 0.3900 0.65 

4 5.92 0.2673 0.3880 0.61 

5 4.63 0.2571 0.3880 0.46 

6 3.12 0.2780 0.3760 0.33 

7 3.33 0.3040 0.3480 0.35 

*Cell No md1cates the count m number of cells for the example g1ven 

The extracted characteristic data from 7 solar cells shown in table 5.1 was used in plotting statistics for 89 

such solar cells as shown in figure 5.27, which is a plot of open circuit voltage (Uoc), fill factor (FF) and 

conversion efficiency (17) as a function of short circuit current density (Jsc). From this figure it is observed 

that the fill factor and open circuit voltage have an average value of approximately 0.35 and 0.3 V, 

respectively for all values of short circuit current density, while conversion efficiency is observed to be 
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directly proportional to the short circuit current density values. The low values of FF and Uoc can be 

attnouted to recombination of charge carriers as well as the effects of low shunt resistance in the solar cell. 
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Figure 5.27: Statistics of 89 solar cells, plotted solar cell parameters are Uoc, FF and 11 as 

function of short circuit current density. 

5.3.4 Structural analysis of the eta solar cell 

F~gure 5.28 shows photomicrograph of indium hydroxy sulphide modified eta solar cell cross sectional 

structure. The structure displayed is for the solar cell of the type Sn02:FITi02/In(OH)xSy/Pb(OH)xSy/PEDOT: 

PSS/Au. From the cross section, it is not possible to figure out clearly the thin ln(OH)xSy and Pb(OH)xSy 

layers from the Ti02 matrix, but PEDOT:PSS and Au back contact are clearly discemable at the top of the 

other layers as pointed out by the arrows. At the bottom of the coated thin film multilayer, the contacting 

SnCh:F layer is plainly noticeable as the even compact thin layer at the bottom directly in contact with the 

glass substrate. It is apparent from the photomicrograph in figure 5.28 that the chemical bath deposited 

buffer layer and the absorber material did not permeate and fill up the microporous Ti02 m3trix 

Addnionally. PEDOT: PSS is observed to form a continuous non-penetrating layer on top of the solar cell. 
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Figure 5.28: Cross-sectional structure of the eta solar cell of the type Sn02:F!Ti02iln(OH)xSy/Pb 
(OH)xSy/PEDOT:PSS/Au. 

Figure 5.29 shows energy dispersive X-ray mapping of the eta solar cell device whose cross-sectional 

structure is displayed in figure 5.28. The distributions of elements from thin film material used in fabricating 

each layer in the solar cell are clearly seen. It is observed that the materials deposited using various 

techniques formed good coating without interfacial diffusion of the compositional elements. The coatings 

are distinguishable by the colour concentration; the faded part represents the reflections while the highly 

concentrated colour is the thin film (the figure is better viewed in soft copy or high pixel colour print). From 

figure 5.29, the following annotations are used: Au represents gold used in coating the back contact, Sn is 

the tin 1n the fluorine doped tin oxide, Cis the carbon in PEDOT:PSS, Ti is the element titanium in Ti02, Pb 

is the lead in the absorber material Pb(OH)xSy, and lastly, In is indium in the buffer layer materialln(OH)xSy. 

The import of energy dispersive X-ray (EDX) mapping is to understand the extent of the stacked layer 

structure of the eta solar cell, and analyse whether material such as Au back contact had diffused during 

deposition and mixed with the bulk structure, in which case it can lead to existence of surface states and 

resultant photocurrent shunting in the solar cell. 
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Figure 5.29: Energy dispersive X-ray mapping of the elemental composition in material of 
various layers used in fabricating eta solar cell, Au is element gold in Au back contact, Sn is 
tin in Sn02:F layer, Cis carbon in PEDOT:PSS, Ti is element titanium in Ti02, Pb is lead in 
Pb(OH}xSy, and In is the element indium in ln(OH)xSy. 
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5.3.5 Effect of thickness of various layers on the device performance. 

The effect of varying thickness of the stacked multilayer of the ln(OH)xSy modified eta solar cell is shown in 

figure 5 30 by Uoc, FF and 17 device parameters as a function of current density statistics. The numbers in 

parenthesis in TI02(10)/In(OH)xSy{3)/Pb(OH)xSy(9)/PEDOT:PSS(2)/Au solar cell structure whose statistics 

are shown in figure 5.29, means that the respective layers were coated at that corresponding number of 

cycles following the deposition methods as described in chapter 4. In this section, the thickness of the 

sample was being controlled by the number of coating cycles. It should be noted here that the deposition 

technKjue referred to throughout this section for Pb(OH)xSy is SILAR (successive ion layer absorption and 

reaction). For easier interpretation of the data in figure 5.29, a dash-dot vertical line labeled H has been 

traced to show parameters of one of the cells, the values marked are Uoc = 0.227 V, FF = 0.356, Jsc = 6.1 

mA/cm2, and 17 = 0.49%. The diagram shows a general decrease in Uoc for different solar cells with a 

corresponding increase in FF and current density for the same solar cells. Despite the decrease in open 

circuit voltage, a high current density with corresponding high FF resulted in increase of conversion 

efficiency for the corresponding solar cells. 
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Figure 5.30: Statistics of 15 cells showing performance trend of eta solar cell when the layer 
thickness is coated at the number of cycles shown in parentheses. Dash-dot line H marks through 
parameters of one of the cells. 
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Ftgure 5.31 shows statistics of Ti02(10)/ln(OH)xSy{3)/Pb(OH)xSy{6)/PEDOT:PSS(2)/Au structured solar cell. 

From the values in the parenthesis representing coating cycles, with the thicknesses of titanium dioxide, 

iJdium hydroxy sulphide and PEDOT:PSS kept constant while that of lead hydroxy sulphide was decreased 

to 6 drps. The fill factors of the solar cells from the statistics in figure 5.30 indicates it was fairly constant at 

approximately 0.37, Also, the open circuit voltage of the device remained constant at average value of 

about 0.3 V for current density Jsc < 4.7 mA/cm2 but for Jsc > 4.8 the Uoc decreases to 0.26 V average for 

diferent cells. The high conversion efficiency observed is due to the high short circuit current density 

recorded in those particular cells. 

0.6 ................................... .. .......... .. .... .......... . ........... .. ....... ..................... .. 

4. D. 
0 5 ............... ............. . ~-···1·-· ·D. ~:~/~·-·· 66.!f ................ . 

Ln. D. 0 D. D. 

0 4 ···········~·····-:·-:··· ~ - -~------· ··~· ····-..t;. ············ .... 
~ 03 ~ -·········· ~t- ······*·~*· ~ ----~----jf~-·- · · *'i···· ................ . 
s::: * 1rlc~ * u.. 

u.. 

TiO (1r~/ln(OH) S (3/Pb(OH) S 6)/PEDOl PSS(2)0 u 2 I\. X y X Y 

* uoc 
• FF 
D. 11(%) 

0.1 t..::;;:::;;::.;:~~~ ...... .....l.-... ............... L..... ........... .J..... ...... .......JL....J 
3.5 4 4.5 5 5.5 

Current density (mA/cm2
) 

Figure 5.31: Statistics of 25 cells showing performance trend of different eta solar cells when the 
layer thickness is coated at the number of cycles shown in parentheses. 

-he effect of decreasing the thickness of Pb(OH)xSy further by coating the thin film in 3 cycles only is 

shown by the statistics of different solar cell parameters in figure 5.32. The thicknesses of Ti02, ln(OH)xSy 

and PEDOT:PSS were maintained constant for the Ti02(10)/ln(OH)xSy(3)/Pb(OH)xSy(6)/PEDOT:PSS(2)/Au 

structured solar cells. The fill factors of the solar cells were approximately constant at 0.43, while the open 

c1rcurt voltages were approximately 0.38 V. The device recorded very low overall conversion efficiency 
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despite the high fill factor and open circuit voltage. The low conversion efficiencies are due to the low short 

ClfCUtl current density recorded from the devices. 
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Figure 5.32: Statistics of 27 cells showing performance trend of eta solar cell when the 
layer thickness is coated at the number of cycles shown in parentheses. 

The average values of open circuit voltage, fill factor and overall conversion efficiency decreased slightly 

after varying the thickness of the Ti02 thin films of the solar cells from coatings of 10 sprays to 20 sprays, 

this is as depicted by statistics in figure 5.33, compare these statistics with those shown in figure 5.32. The 

FF and Uoc had an average value of approximately 0.36 and 0.28 V, respectively. The low conversion 

efficiency observed of approximately 0.05% for this type of device in spite of the high fill factor and high 

open circuit voltage may be attributed to the low short circuit current density recorded from the solar cells. 

n conclusion, it may be stated that varying thicknesses of the stacked multilayers in a solar cell affects the 

space charge region of the device leading to the changes in parameters like fill factor, open circuit voltage, 

short circuit current density and overall conversion efficiency. 
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Figure 5.33: Statistics of 18 cells showing performance trend of eta solar cell when the layer 
thickness is coated at the number of cycles shown in parentheses. 

5.3.6 The role of component materials in the eta solar cell heterostructure 

In th1s section. the role of specific layer materials in the ln{OH)xSy modified eta solar cell is elucidated. This 

1s ach1eved by use of devices with simplified architectures by applying the layer elimination method and 

then analysing the resulting solar cells' photoelectrical properties. 

5.3.6.1 J - U characteristics of Sn02:F/Ti02lln(OH)xSy/Pb(OH)xSy/Au device 

ne solar cell structure shown in figure 5.34 of the type Sn02:F/TiOv'ln(OH)xSy/Pb(OH)xSy/Au was realised 

after eliminating PEDOT:PSS from the full device discussed in section 5.3.3. The photovoltaic parameters 

performance are shown using J - U characteristics in figure 5.35. The device fill factor and open circuit 

voltage were approximately 0.4 and 0.34 V, respectively. The short circuit current density was about 6.16 

mAJcm2 and the overall conversion efficiency was approximately 0.94%. The calculated series (Rse) and 

snunt resistance (~) were 38.4 11 and 24452.0 11, respectively. 
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Figure 5.34: Simplified architecture solar cell structure of the type Sn02:FffiCh/ln(OH}xSy/ln 

(OH}xSy/Au. The PEDOT:PSS layer is eliminated. 
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Figure 5.35: J - U characteristics for Sn02:FfTi02/In(OH}xSy/Pb(OH)xSy/Au solar cell 

structure shown in figure 5.34. 

5.3.6.2 J- U characteristics of Sn02:F/In(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au device 

The solar cell with Sn02:F/In(OH)xSy/Pb(OH}xSy/PEDOT:PSS/Au structure is shown in figure 5.35. In the 

dev1ce displayed, Ti02 has been eliminated from the fullln(OH}xSy modified eta solar cell. The performance 

ot the simplified device is given by the J - U characteristics as shown in figure 5.36. The following values 

were recorded: Jsc = 4.94, Uoc = 0.31, FF = 0.40, and conversion efficiency of 0.61%. The calculated 
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parasitic resistant of the solar cell were Rse = 10.3 nand Rsh = 5779.7 n (see appendix 8 for calculation). 

The 'ow conversion efficiency observed may be ascribed to the low short circuit current density and low 

shunt resistance in the solar cell. 

Au back contact 

Glass coated with Sn02:F layer 

Figure 5.36: Simplified architecture solar cell structure of the type SnOz:F/In(OH)xSy/ln(OH)xS~ 

PEOOT:PSS/Au, the device has TiOz layer eliminated. 
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Figure 5.37: J- U characteristics of SnOz:F/In(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au 
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5.3.6.3 J- U characteristics of Sn02:F/In(OH)xSy/Pb(OH)xSy/Au device 

Figure 5.38 shows the most simplified working p - n junction type of device whereby only two layers have 

been used to assemble a solar cell of the type Sn02:F/In(OH)xSy/Pb(OH)xSy/Au structure. The 

corresponding J- U characteristics for the device are shown in figure 5.39. 

-E---- Pb(OH).S1 

%005*1~ ln(OH).S, 

~Glass coated with Sn02:F layer 

Figure 5.38: Simplified architecture solar cell structure of the type Sn02:F/In(OH)xSy/Pb(OH)xSy/Au 

The device has Ti02 and PEDOT:PSS layers eliminated. 
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Figure 5.39: J - U characteristics of Sn02:F/In(OH)xSyiPb(OH)xSy/Au solar cell structure shown in 

figure 5.38. 
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The p - n junction type of solar cell with Ti02 and PEDOT:PSS layers eliminated realised short circuit 

current density and open circuit voltage of approximately 5.33 mA/cm2 and 0.3 V, respectively, with good fill 

tac:or of about 0.4. The overall conversion efficiency of the device was 0.65% and the calculated series 

res1stance of the solar cell was 23.8 n. For the shunt resistance, there was no clear value obtained. This 

may be attributed to the fact that the device was found to be a two diode type with A it = 6.1 and Ai2 = 2.0. 

Table 5.2 shows the summarised solar cell parameters for the full eta device and those of simplified 

architectures. Also shown are the calculated respective series and parallel resistances, for comparison 

purposes and in explaining the specific roles of the component layers. 

Table 5.2: Photovoltaic parameters for eta solar cell and those for devices with simplified structures for 

exp ailung specific roles of the component layers. 

DeVICe Photovottaic device structure Jsc(mA/cm2) Uoc(mV) FF Eff(%) Rse Rsn 

A TiOvln(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au 7.40 281 0.40 0.83 47.4 4759.0 

B Ti02fln( OH)xSy/Pb( OH)xSyf Au 6.16 344 0.44 0.94 38.4 24452.0 

c ln(OH)xS/Pb(OH)xS,'PEDOT:PSS/Au 4.95 314 0.40 0.61 10.2 sn9.7 

lJ ln(OH)xS/f'b(OH)xSy/Au 5.33 297 0.41 0.65 23.8 -
I : Ti021Pb(OH)xSy/PEDOT:PSS/Au 1.8x1()-3 14 0.25 0.01 - -
F TiOvPb(OH)xSy/Au 3.2x1()-4 1.1 0.25 0.00 - -

From Table 5.2, the device parameters show that different layers had different roles to play in the whole eta 

device. Comparing devices E and F it is observed that the presence of PEDOT:PSS layer plays a role in 

improving the open circuit voltage of the solar cell in the absence of the buffer layer material, but on 

comparing devices A, B, C and D, there is a tendency for devices without PEDOT:PSS to have higher 

conversion efficiency but with lower short circuit current density. The improved conversion efficiency may 

be attributed to the improved fill factors in both cases as observed from devices A - B and C - D after 

e'iminating PEDOT:PSS in each case. The observed behaviour can be linked to the bulk resistance and 

'l'herent low conductivity in polymer materials. The positive attribute of PEDOT:PSS is that, it acts as 

protective layer of the Pb(OH)xSy against diffusion of the Au back contact atoms into the bulk of the device 

structure which would otherwise shunt the device in the event of high applied voltage during J - U 

characteristics measurements. 
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Tte role of TiOz can be explained by comparing devices A and C which had similar structures save for the 

presence or absence of Ti02 layer. In both samples, similar fill factors are observed, the open circu1t 

vo tages are also comparable, but the short circuit current density of device C is 35% lower than that of 

deV(E! A. Thus, TiOz seems to provide increased surface area resulting in better optoelectrical properties, 

as~ as playing the role of reducing recombination at the SnOz:F/In(OH)xSy interface. Likewise the role of 

,r·OH~Sy layer can be deduced by comparing devices A, 8, C, D, E and F. Devices E and F recorded the 

poorest device parameter characteristics, unlike devices A, 8, C and D which all contain the ln(OH)xSy 

la;er It can be concluded that, ln(OH)xSy acts as the recombination barrier in devices fabricated. Also by 

comparing devices D and F, it is apparent that charge separation occurs at the interface between ln(OH)xSy 

a'ld Pb(OH)xSy corroborating results of the external quantum efficiency measurement shown in figure 5.25. 

5.4 Effects of light soaking on eta solar cell. 

In this section results on the effect of light soaking and stability of eta solar cell and those of devices with 

reduced number of layers are discussed. 

5.4.1 Sn02:F/TiOz/ln(OH)xSy/Pb{OH)xSy/PEDOT:PSS/Au performance 

he performance of Sn02:F/TiOz/ln(OH)xSy/Pb(OH)xSyiPEDOT:PSS/Au eta solar cell soaked in solar 

Sllllufator light beam for 120 minutes is displayed in figure 5.40. The characteristics of solar cell parameters 

t'lat is fill factor, open circuit voltage (Uoc) and efficiency (17) as a function of light soaking duration in 

minutes are plotted in the same graph. The conversion efficiency of the solar cell is observed to have an 

exponential increment from 17 = 0.13% for as-prepared device to as high as 17 = 0.33% after light soaking 

for 2 hours, equivalent to an increment factor of 2.5. On the other hand, the corresponding short circuit 

current density increased by a factor of 2.8 from Jsc = 2.1 mA/cm2 to Jsc = 5.9mA/cm2. The fill factor of the 

deVice is observed to gradually increase from a minimum value of 0.29 and reaches a maximum value of 

0.34 after 45 minutes of light soaking, and then it gradually decreased to 0.33 after 120 minutes of light 

soaking. Likewise, the Uoc of the solar cell gradually decreased from a value of 0.21 V to minimum value of 

0.17 Vafter 120 minutes of light soaking. 

A stmilar structured one week old device tested for light soaking effect gave results plotted in figure 5.41 . 

The conversion efficiency and short circuit current density increased from 71 = 0.80 to 0.94% and Jsc = 10.1 

:o 13.0 mA/cm2, respectively, while both fill factor and Uoc decreased slightly. 
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Figure 5.40: Light soaking characteristics for Sn02:Fm02/ln(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au eta 

solar cell, Uoc, FF and 17 are plotted as function of light soaking duration. 
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Figure 5.41 : Light soaking characteristics for Sn02:F!TiOvln(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au of 
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5.42 Sn02:F/In(OH)xSy/Pb{OH)xSy/PEDOT:PSS/Au performance 

The effect of light soaking on a device fabricated without a Ti02 window layer is shown using Uoc, FF and 17 

as a function of light soaking duration in figure 5.42. The conversion efficiency of the Sn02:F/In(OH)xSy/Pb 

'Ori},SlPEDOT:PSS/Au solar cell after light soaking from 0 to 180 minutes, is observed to increase from 

0 29°o to 0.78%, equivalent to an increment factor of 2.7. The corresponding short circuit current density 

reached a maximum of 10.09 mA!cm2 after 180 minutes from a minimum of 3.36 mA!cm2 for as-prepared 

solar ceO, representing an increment factor of 3. The Uoc of this type of device was observed to decrease 

,,ith soaking duration, while the fill factor initially increased slightly and after 30 minutes of soaking, tt 

started to decrease for the rest of soaking duration. The high increase in conversion efficiency can be 

atlnbuted to the increment in short circuit current density. 
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Figure 5.42: Light soaking characteristics for Sn02:F/In(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au 

solar cell, Uoc.FF and 17 are plotted as function of light soaking duration. 
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5.4.3 Sn02:F/Ti02lln(OH)xSy/Pb(OH)xSy1Au performance 

Ope" arcu~ voltage, fill factor and efficiency as a function of light soaking duration for a device without a 

PEOOT:PSS layer with Sn02:F/In(OH)xSy/Pb(OH)xSy/Au structure is shown in figure 5.43. The conversion 

efficiency of this type of solar cell increased from a minimum of 0.36% for as prepared solar cell to a 

max mum of 0.56% after soaking in light for 180 minutes, representing increment factor of 1.6, while short 

circut current density increased by a factor of 2.1 from 4.72 mA/cm2 for as prepared sample to 9.87 

r.lA.cm2 after 180 minutes of light soaking. Both open circuit voltage and FF displayed a decrement by a 

factor of 0.03 and 0.01, respectively. The increment in short circuit current density of this type of device 

ead to the observed increase in overall conversion efficiency. 
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Figure 5.43: Light soaking characteristics for Sn02:Fffi02/In(OH)xSy/Pb(OH)xSy/Au solar cell. 
Uoc, FF and 17 are plotted as function of tight soaking duration. 

5.4.4 Sn02:FIIn(OH)xSy/Pb(OH)xSy/Au performance 

Lasuy, the solar cell device with the simplest configuration of p - n heterojunction structure of the type 

Sncn:FIIn(OH)xSy/Pb(OH)xSy/Au was subjected to light soaking test, and exposed to solar simulator beam 

ca"brated at 1 sun = 100 mW/cm2 from 0- 180 minutes. The J - U characteristics parameters shown in 
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igure 5.44 were taken at 15 minutes interval for the first 120 minutes and at 30 minutes interval for the rest 

ot duration of soaking. For this type of device, the open circuit voltage and fill factor were observed to 

:ecrease with increasing light soaking duration, while the short circuit current density and solar cell 

COO'Iersion efficiency changed by a factor of about 2.5 and 2.0, respectively. The maximum value reached 

a~er 180 minutes of light soaking was Jsc = 14.32 mW/cm2 from initial value of about 5.69 mW/cm2 for as 

npared solar cell, whereas the corresponding conversion efficiency for the same duration increased from 

? = 060% to 1J = 1.19%. 
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Figure 5.44: Light soaking characteristics for Sn02:F/In(OH)xSy/Pb(OH)xSy/Au solar cell, Uoc, 

FF and 1J are plotted as function of light soaking duration. 

trom the light soaking experiments for full eta solar cell modified with a buffer layer and simplified solar cell 

devices with reduced number of layers, Table 5.3 can be extracted to simplify the analysis procedure. The 

results show that light soaking has a strong influence on the solar cells overall conversion efficiency and 

short c1rcuit current density for devices containing ln(OH)xSy/Pb(OH)xSy layers as the basic structure. The 

parameters have been observed to increase with light soaking duration since after 180 minutes of samples' 

exposure to the solar simulator light beam, both efficiency and short circuit current density increased by 
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Table 5.3: Changes in photovoltaic parameters of eta solar cell and those of simplified devices 

1 Solarcel Photovoltaic device structure Jsc( rnA/cm2) Uor:(mV) FF Eft(%) 

r.~ Sn(h:FmOvln(OH)xS/Pb(OH)xS,IPEDOT:PSS/Au 2.8 D 1-D 25 

3 SnCh:FmOvln(OH)xS/Pb(OH).Sy/Au 2.1 D D 1.6 
~ Sn(h:F/In(OH)xSy/Pb(OH)xS/PEDOT:PSS/Au 3 D 1-D 27 
" 
0 SnCh:F/ln(OH)xSy/Pb(OH)xS; Au 2.5 D D 20 

D represents decrement 1n the particular solar cell parameter, I - o· depicts increase then decrease 

a factor of between - 2 and 3, which is a very big change given the initial values for as-prepared solar 

cer•s Clearly, it can be observed that all samples containing PEDOT:PSS layer as a hole conductor had the 

hoghest gain in overall conversion efficiency of the solar cell, compare devices A and C in Table 5.3 against 

samples B and D. This implies that PEDOT:PSS acts as a protective layer against diffusion of Au back 

contact 

~.n 'llteresting observation is that samples of similar layers structure but with Ti02 layer eliminated, for 

exampe, compare pairs of samples A, C and 8, 0, the absence of Ti02 in either pair resulted in Jsc 

ocrement and consequently the overall conversion efficiency. Therefore we can conclude that PEDOT:PSS 

acrs as a protective layer to the Pb(OH)xSy and prevents Au back contact from diffusing into the bulk of the 

material thereby increasing surface states leading to increased recombination. On the other hand, although 

TI02 Improves the optoelectrical properties of the respective solar cells because of its highly structured 

p:lrous surface, its presence together with the ln(OH)xSy layer material, tends to increase the space charge 

region such that recombination losses can set in. We conclude that, the charge transport in these types of 

devices is controlled by trap states due to the increased space charge region making the probability of 

defects states and interface states higher. This reasoning corroborates work previously done by Oja, et. a/. , 

(2005) 

5.4.5 Degradation study of Sn~:Filn(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au device 

1 section 5.4.1, figure 5.41 , it was observed that eta solar cell is stable to degradation under room 

env;ronment. One week after measurements of J - U characteristics, the samples' short circuit current 

density and conversion efficiency increased by a factor of 1.3 and 1.2, respectively after the device was 

subjected to light soaking for 180 minutes. The behaviour observed inspired us to conduct degradation 
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studtes after light soaking. An as-prepared solar cell device similar to that represented by device C in Table 
5.3, was analysed by optoelectrical method using external quantum efficiency (EQE) measurements, as 
shown in figure 5.45. The EQE measurements were done first for as-prepared samples, thereafter the 
samples were soaked in light for 180 minutes (3 hours) using standard solar simulator calibrated to 1 sun= 
100 mW/cm2. After light soaking the EQE was measured and found to have increased to 25% {peak 
wavelength A= 540 nm) from the initial value for as-prepared solar cells of about EQE = 17% (peak 
wavelength A= 510 nm). The EQE was then monitored after 24 hours and 96 hours and found to have 
dropped to 23% (peak wavelength A= 530 nm) and 21% (peak wavelength A= 520 nm), respectively. 
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Figure 5.45: External Quantum efficiency characteristics for Sn02:F/In(OH)xSy/Pb(OH)xSy/PEDOT:P 
SS Au solar cell devices. EQE spectrums shown were used in monitoring degradation after light soaking. 

The variations in EQE may not be attributed to changes in band gap since all the EQE curves start cutting 
(the onset of wavelength signal) from approximately the same wavelength of about 400 nm. The device 
stability is supported by the slow degradation of the EQE spectrum, and the resilience of optoelectrical 
properties upon re-soaking the sample in solar simulator light. It can be concluded that, eta solar cell and 
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devices based on ln(OH)xSy/Pb(OH)xSy basic structure can have their optoelectrical properties improved by 

light soaking. At this juncture it remains unclear to us the particular material responsible for the observed 

changes in these type of devices and this calls for further investigation. 

5.5 JU-T characterization of eta solar cell. 

Current transport mechanism were studied in order to understand the type of recombination taking place in 

the full eta solar cell device. The ln(OH)xSy modified eta solar cell was chosen for JU - T characterization 

srnce it was observed to have good stability and therefore suitable for the analysis of transport 

mechanisms. The investigation of the temperature dependent current - voltage characterization was 

carried out for a device of the type Sn02:FITi02/In(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au, eta solar cell, which 

showed under AM 1.5 conditions (25 °C, 100 mW/cm2), the following characteristics: Jsc = 9.24 mW/cm2, 

Uoc: = 0.25 V, a fill factor FF = 0.34, and the overall conversion efficiency of 0.79%. The data obtained from 

the dark and illuminated JU - T curves were plotted as shown in figure 5.46. 
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Figure 5.46: Current- voltage characterization in the dark and under illumination at different 
temperatures in the range 200 - 320 K in steps of 20 K from one curve to the other. 
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Ttle JU - T and JscUcc- T curves plotted were data collected at different temperatures, from 200 K - 320 K 
n steps of 20 K from one curve to the other. Significant differences are apparent between the dark and 

illuminated JU - T and JscUcc- T curves. Nonetheless, the curves in all the cases can be fitted to the one­
diOde model described in chapter 3, the equation is restated in 5.1. 

5.1 

It 1s worth mentioning here for clarity that the JU - T and JscUcc - T characteristics curves shown in figure 
5.46 were chosen for those of the same light intensity that is 100 mW/cm2 but at different temperatures, 
since it is not easy to plot J - U curves at different temperatures and at the same time at various light 
ntensities in a shared graph. This applies in the subsequent subsections. 

5.5.1 Intensity dependency characterization 

The data extracted from the JscUcc - T characteristics for the temperature dependence of the open circuit 
voltage as a function of intensity and at different temperature from T = 200 K to 320 K is presented in figure 
5.47, at intervals of 20 K. 

ne Ucc curves exhibited a logarithmic correlation with varying illumination intensity from 0.05 mW/cm2 to 
100 mW/cm2. The open circuit voltage is shown to reach a maximum at illumination intensity of 
approximately 45 mW/cm2, see the dash-dot line labeled H in figure 5.47. Also, notable is that at the 
temperature of 320 K, the open circuit voltage was approximately 46 mV when the solar cell was 
illuminated at 0.05 mW/cm2 and increased to 231 mV at illumination intensity of 100 mW/cm2. Likewise at 
temperature of 200 K, and at the lowest illumination intensity of 0.05 mW/cm2, the Ucc = 284 mV, and 
increased to approximately 419 mV at illumination intensity of 100 mW/cm2. The solar cell device is 
observed to display high open circuit voltage at low temperature and vice versa. 
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Figure 5.47: Open circuit voltage (Uoc) as a function of illumination intensity and at different 
temperature. The data is plotted at temperature intervals of 20 K. 

The corresponding fill factor of the eta solar cell plotted as a function of illumination intensity and at different 
temperatures is shown in figure 5.48. The fill factors of the eta cell are observed to be inconsistent at 
different temperatures and illumination intensities. The fill factors varied between 0.30 and 0.36, a small 
dependency on illumination intensity and temperature. 

lle overall conversion efficiency of the eta solar cell at different temperatures and at various illumination 

Intensities is shown in figure 5.49. The conversion efficiency displays a logarithmic correlation with the 
umination intensity. From figure 5.49, it is observed that at the lowest intensity of 0.05 mW/cm2 and at the 

highest temperature of 320 K, the conversion efficiency increased from its lowest value of approximately 

0.09% to 0.55% at 200K, while at maximum illumination intensity of 100 mW/cm2, the efficiency increased 
from 0.53% at temperature of 320 K to its maximum value of 0.85% at temperature of 200 K. This shows 

tnat temperature has a strong influence on the device conversion efficiency. Also noteworthy is that the 
k1nd of influence light intensity has on the device conversion efficiency is different as it was the case when 

the samples were soaked in light. 
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Figure 5.48: Temperature dependence of fill factor as a function of illumination intensity. 
Measurements are done from 200 K - 320 K at intervals of 20 K. 
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Figure 5.49: Temperature dependency of conversion efficiency as a function of illumination 
intensity. Measurements were done from 200 K- 320 Kat intervals of 20 K. 
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5.5.2 Temperature dependency characterization 

The results d1scussed in section 5.5.1 under intensity dependency characteristics are revisited and 

analysed for temperature dependency. Figure 5.50 shows illumination dependent open circuit voltage as a 

function of temperature. At lowest temperature of 200 K, the device had the highest Uoc values of 

approximately 285 mV when the sample is illuminated at 0.05 mW/cm2 and 427 mV when the intensity is 

raised to 1 sun. Similarly, when the temperature was at 320 K, the device open circuit voltage obtained was 

approximately 46 mV at light intensity of 0.05 mW/cm2, but at 1 sun light intensity the open circuit voltage 

Uoc = 229 mV. The results suggest that temperature has significant influence on device open circuit voltage. 

ne inset Ea = 0.79 eV in the results shown in figure 5.50 is activation energy curve fitting discussed in 

subsequent section in figure 5.56. 
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Figure 5.50: Illumination intensity dependent open circuit voltage as a function of temperature. 
Measurements were done from I= 0.05 mW/cm2 to 100 mW/cm2• 

As observed earlier in section 5.5.1 , figure 5.48, fill factor as a function of illumination intensity did not have 

any dependency on either illumination intensity or temperature; this is also the case as shown in figure 

5 51 The fill factor at some points of illumination intensity and temperature, it was not consistent. Figure 

5.52 displays illumination intensity dependence of conversion efficiency of the eta solar cell as a function of 
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Figure 5.51: Illumination dependent fill factor of the eta solar cells as a function of 
temperature. Measurements were done from I = 0.05 to 1 00 mW/cm2. 
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Figure 5.52: Illumination dependence of conversion efficiency of the eta solar cells as 
a function of temperature. Measurements were done from I = 0.05 to 100 mW/cm2. 
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temperature The conversion efficiency of the device is observed to vary inversely with temperature at 

: lferent illumination intensities. At low temperature of 200K, the eta solar cell recorded conversion 

::'idenctes of 0.54% and 0.85% at illumination intensities of 0.05 mW/cm2 and 100 mW/cm2, respectively 

....xewise at the highest temperature of 320 K, the device efficiency was 0.09% at illumination mtensity of 

0 05 mW/cm2 and increases to 0.53% when the illumination intensity is increased to 100 mW/cmz. 

llerefore from the results of temperature dependence characterization we may conclude that temperature 

and illumination intensity have strong influence on the conversion efficiency of the solar cell devices 

corroborating observations discussed under illumination intensity dependent characterizations. 

5.5.3 Transport mechanism of the eta solar cell 

Figure 5.53 shows dependency of diode ideality factor of the eta solar cell as a function of temperature for 

JU - T measurements in the dark and under illumination. The diode ideality factors A1 and the reverse 

saturation current density 1o of the eta solar cell were determined by fitting the dark 1 U - T and 

• uminated 1scUoc- T curves into equation 5.1 and 5.2: (NB. These equations appear in chapter 3 as 

equation 3.25 and 3.26, respectively) 

( qU ) ( -Ea) ( qU ) 1 = 1oexp AikT = /ooexp AikT exp AikT 5.2 

AikT (fsc) Ea AkT (foo) U0c~--ln- =----In-
q 1o q q 1sc 

5.3 

The ideality factor of the solar cell under illumination is observed to be between 1.2 :5 Ai :5 1.6, while in 

tre dark the value is between 6. 9 :::; A i :::; 10.1 . The fluctuations of the diode ideality factors in the latter 

case are ascribed to charge -discharge effects of the deep levels present in ln(OH)xSy (Oja, et. a/., 2006). 

ne temperature dependent behaviour observed in Ai as shown in figure 5.53 demonstrates that, when the 

eta solar cell is under illumination the recombination mechanism is thermally activated, and when the 

sample is in the dark, the charge carriers undergoes tunneling enhanced recombination {Rusu, et. a/., 

2003; Musembi, et. a/., 2008). The ideality factor Ai is observed to decrease as the temperature increases 

rom approximately 1.6 at 200 K to -1.2 at 320 K, which shows that the recombination occurs through 
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expone'ltially distributed energy recombination levels (Walter, et. a/., 1996). Therefore, when the sample is 

.:'lder umination and exposed to high temperature, recombination occurs through shallow levels (Ai - 1 

) whereas at low temperature, deep levels are responsible. 
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Figure 5.53: Temperature dependence of the diode ideality factor as extracted from dar1< JU - T 
curves and JscUoc · T curves in figure 5.46. 

The findings that recombination mechanism in the eta solar cell is a tunneling dominated process when the 

device is in the dar1< and thermally dominated under illumination are supported by the temperature 

behaviour of saturation current density ] 0 as a function of temperature as is shown in figure 5.54. From the 

figure (in the dar1<) it is observed that the }0 = {(1/T) curve has two regions I and II where saturation 

current densities are independent of the inverse temperatures confirming the tunneling assisted 
recombination mechanisms. On the other hand, it is also noticeable that, under illumination, the reverse 

saturation current density ] 0 is inversely proportional to the inverse temperature which verifies that a 

thermally activated mechanism dominates the recombination of the charge carriers. 
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Figure 5.54: Temperature dependent reverse saturation current density as a function of 
inverse temperature as extracted from dark and illuminated JU - T characteristics in figure 5.46. 

cgure 5.55 shows a modified Arrhenius plot of the reverse saturation current density} 0 corrected by diode 
ldeafrty factor At, such that At *In Uo) as a function of inverse temperature 1/T, as extracted from the 
i luminated JU - T characteristics as in figure 5.46. The Arrhenius plot yields a straight line with a slope 
corresponding to the activation energy Ea = 0.92 eV. 

-he activation energy can also be determined from open circuit voltage as a function of temperature 
(U0 , = f(T) ) plots in figure 5.56. Plotting U0 , as a function of temperature and assuming that the ideality 
actor A1, reverse saturation current density } 0 and the weakly temperature dependent prefactor }00 are 

independent of temperature as expressed in equation 5.3, then a linear extrapolation to T = 0 K gives 
:he activation energy Ea = 0. 79 eV. 

5.3 
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Figure 5.55: Arrhenius plot of the saturation current density Jo corrected by diode ideality factor 
Ai with the data extracted from illuminated characteristics as extracted from figure 5.46. 
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Figure 5.56: Activation energy of recombination derived from open circuit voltage Uoc as a function 
of temperature. 
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The value of Ea depicts either bulk recombination when Ea = £9 (where £9 denotes band gap energy), 

or 'lterface recombination when Ea < £9 (Rusu, et. a/., 2003}. From the two methods of determining the 

ac!Nation energy of recombination, it is noted that they both gave values which were close to the band gap 

energy Eg = 0.85 eV of the chemical bath deposited Pb(OH)xSy as reported in literature (Bayon, et. a/., 

2005; 2006; Gavrilov, et. a/., 2006; Musembi, et. a/., 2008}. Thus from the analysis, it is apparent that 

Ea ::::: £9 demonstrating that charge carrier recombination takes place in the bulk of the CBD - Pb(OH)xSy. 

The conclusion gives us a hint that the absorber materials can be engineered for further widening as 

reported by Konenkamp and Hoyer (1995). 

The findings on recombination mechanism are corroborated by the schematic energy band diagram we 

proposed by use of reference data given in Table 5.4. The schematic band diagram is given in figure 5.57. 

Thus the strong tunneling effects when the solar cell is operated in the dark are related to the presence of 

(i) a cliff in the conduction band at the Ti02fln(OH}xSy interface (ii) a spike in the ln(OH)xSy conduction 

band, and (iii) the deep recombination levels exponentially distributed in energy in the ln(OH}xSy band gap 

(Oja, et. a/., 2006). 

Table 5.4: Electronic parameters of the eta solar cell component materials. 

Matenal Wori< function ( <t> e V) Electron affinity (x eV) Band gap Eg (eV) 

Sn02:F 4.5 (Gratzel, 2001) 5.0 (Gratzel, 2001) 3.8 (Gratzel, 2001) 

Ti02 4.5 (Gratzel, 2001) 4.3 (Gratzel, 2001) 3.2 (Gratzel, 2001) 

ln(OH)xSy 4.7 (Oja, et. a/., 2006) 3.7" (Musembi, et. a/.,2008) 2.4 (Bayon, et. al., 2005) 

Pb{OH)xSy 5.0 (Musembi, et. a!., 2008) 4S (Vogel, et. a/., 1994) 0.85 (Bayon, et. a/., 2005) 

PEDOT:PSS 5.2 (Brown, et. a/., 1999) 3.2 (Song, et. a/., 2005) 2.0 (Song, et. a/., 2005) 

Au 5.1 (Eastman, 1970) 

*approximated value; ** recalculated value cons1denng as reference for energy scale the vacuum 

level instead of normal hydrogen electrode. 

The electrons injected from the Sn02:FITiCh front electrode recombine through deep levels in the ln(OH}xSy 

With the holes from the Pb(OH}xSy valence band. Under illumination the ln(OH}xSy bands become flat and 

the deep levels get filled, as observed earlier in light soaking effects thus leading to better performance of 
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the eta solar cell. Therefore, in an illuminated device the recombination path shifts from ln(OH)xSy into the 
Pb(OH)xSy layer. 
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Figure 5.57: Proposed energy band diagram for the eta solar cell of the structure 
SnOi Fm02fln(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au 

5.5.4 Temperature dependency of series resistance Rs 
The eta solar cell device was found to have high series resistant when it is operated at low temperature 
environment than when the temperature is raised to above the room temperature, as shown in figure 5.58. 
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Figure 5.58: Temperature dependence of series resistance Rs of the eta solar cell. 
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n figure 5.58, it is seen that series resistance is approximately 100 n cm-2 for operation temperatures 
from 200 K to 220 K then it decays gradually as the temperature increases. The observed behaviour can be 
attributed to the number of available charge carriers. As discussed in section 5.5, the eta solar cell realised 
high conversion efficiency at 200 K, which means that more charge carriers were available in the solar cell 
consequently translating to high series resistance. At higher temperatures and under illumination, thermally 
activated recombination sets in and decreases the number of charge carriers substantially resulting in low 
conversion efficiency and overall low series resistance in the solar cell. 
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CHAPTER 6 

Conclusion and suggestions for further work 

6.1 Conclusions 

The following conclusions can be drawn from the data analysis done in this thesis: 

• Eta solar cell device of the type Sn02:FffiOvln(OH)xSy/Pb(OH)xSy/PEDOT:PSS/Au modified with 

ln(OH)xSy buffer layer has been successfully fabricated and characterized. The band gap energies 

of the materials used in fabricating the eta solar cell have been measured using surface 

photovoltage spectroscopy, with the following materials giving the following values: Ti02,£
9 

= 3.2 

eV, Pb(OH)xSy, £9 = 0.85 eV, ln(OH)xSy, £9 = 2.2 eV (for samples annealed in argon atmosphere 

at 300 °C for 30 minutes) and £9 = 2.4 eV (for as-prepared samples). 

• The chemical bath depos~ed lead sulphate (PbS) has been found to be a mixed phase of PbS + 

PbO doublet lead compounds and its chemical formula has been derived to be Pb~S1-k with k = 
0.21 , nonetheless due to the presence of hydroxide ions the material has been referred to as 

Pb(OH)xSy. 

• The pH of precursor solution for chemical bath deposited ln(OH)xSy has been found to influence 

the overall band gap of the thin films. Changes in pH value of the aqueous solution influences the 

content in ln(OH)xSy, such that higher pH values give high content of hydroxide and/ or oxide, while 

dominant content in sulphide is realised when deposition is done at low pH value of the chemical 

bath solution. 

• Annealing temperature has been found to influence ln(OH)xSy surface photovoltage signal 

amplitude, with the band gap energy of the material decreasing with increasing temperature, 

whereas thickness has barely no noticeable influence observable on its variation The changes 

observed in the band gap have been attributed to changes in stochiometry of the ln(OH)xSy thin 

films. 
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• This work realised the first eta solar cell to be fabricated with the thinnest absorber material of 

approximately 10 nm The best eta solar cell device measured usmg solar simulator calibrated to 1 

sun = 100 mW/cm2 at AM 1.5 illumination has been found to give conversion efficiency of 

approximately 0.83% which is good performance in comparison to other eta solar cell devices so 

far fabricated with thickness of the absorber material in the regimes of approximately 10 nm. 

• The Pb(OH)xSy absorber has been found to have no significant contribution to external quantum 

efficiency, implying that ln(OH)xSy/Pb(OH)xSy interface may be contributing to photovoltaic action of 

the eta solar cell and the devices with simplified structures. 

• light soaking has been found to influence some of the photovoltaic parameters of the eta solar cell 

and those of devices with simplified architecture. The overall conversion efficiency and short circuit 

current density of the solar cells have been found to increase with light soaking duration by a factor 

of about 1.6 - 2. 7 and 2.1 - 3, respectively. The increase in these two parameters has been 

ascribed to filling up of trap states and/or charge - discharge of deep levels found in ln(OH)xS1. 

The fill factor and open circuit voltage are unaffected by these changes. 

• Different layer component materials in the eta solar cell have been found to play different specific 

roles: Ti02 highly structured porous surface has been found to provide increased surface area 

resulting into improved optoelectrical properties of the complete eta cell structure, and also 

provides good interface at Sn02:F/In(OH)xSy consequently reducing recombination process. The 

ln(OH)xSy acts as the buffer layer of the eta solar cell and thus mitigates the recombination process 

of the charge carriers, also the buffer layer forms a good interface between ln(OH)xSy/Pb(OH)xSy 

which contributes to the external quantum efficiency of the solar cell and hence contributing to the 

photovoltaic action of the devices. The polymer materials, PEDOT:PSS acts as a protective layer 

of the Pb(OH)xSv against diffusion effects of the Au back contact thus mitigating the effects of 

recombination of the charge carriers through minimised trap states. 

• The ideality factor of the eta solar cell, from the studies of the transport mechanism, shows that the 

recombination of the charge carriers occurs through exponentially distributed energy recombination 

levels. Under illumination and high temperature (approximately 320 K) recombination process 
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occurs through shallow levels, while at low temperatures deep levels are involved in the 

recombination process. 

• The type of recombination mechanism the solar cell undergoes is thermally activated in the bulk of 

the absorber material when the solar cell is under illumination, whereas in the dark, the 

recombination mechanism is different and the solar cell undergoes tunneling enhanced 

recombination. 

• Work functions of Sn02:F, TiOz, ln(OH)xSy, Pb{OH)xSy, PEDOT:PSS and Au have been calculated 

from literature work and typical band diagram of the eta solar cell has been proposed to 

corroborate the observations of the transport mechanism. 

• The JU - T operation temperature has been observed to influence the series resistance in the solar 

cell, such that, at low temperature, the series resistance is very high and then it decreases with the 

increasing temperature. This behaviour has been attributed to the number of available charge 

carriers in the device which decreases with increasing operation temperature due to the onset of 

thermally activated recombination mechanism. 

6.2 Suggestions for further work 

There is need for further work for both fundamental and technological improvement of the solar cell in the 

following areas: 

1. Capacitance - Voltage (C - V) spectroscopy: The C - V measurements studies may lead to 

clarification of the actual absorber material in the devices fabricated. The external quantum 

efficiency measurements revealed that Pb(OH)xSy was not contributing to EQE signal of the solar 

cell, leading to the allusion that interface at ln(OH)xSy/Pb(OH)xSy contributes to the photovoltaic 

action of the eta solar cell. This clarification will be important to the definition of eta solar cell. 

2. Different window layer material for example ZnO combined with a different absorber layer such as 

ln2S3: Properties such charge mobilities, the influence of work function of the window layer and the 
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substrate material, as well as band gap of the absorber material can have great influence on 
photovoltaic performance of the fabricated device. We therefore suggest use of a working solar cell 
structure like the one studied in this work and replacing either window or absorber matenal, this 
may lead to realization of solar cell with higher conversion efficiency. 

3. Charge carrier lifetime: The charge carrier lifetime studies may reveal more on the charge 
movement and buttress transport mechanism studies already done. This fundamental study can 
answer the question of the low conversion efficiency observed in the devices fabricated. 

4 Research further on the material responsible for improved performance on light soaking. 
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APPENDIX A: CALCULAtiON FOR BAND GAP AND TAIL STATE ENERGY FROM SPV AMPLITUDE 

Calculation of band gap (E9) energy and tail state (Et) energy of a semiconductor 

1.4x1 0"9 
,..--.,.-----......,..----...-----......,..----, 

1.2x10·9 

1.0x1 0"9 

> 
Q) 8.0x1 0"10 

'"C 
:::l ..... 
·;;_ 6.0x1 0"10 

E 
"' > 4.0x10-10 

a.. 

Tail state (E
1
) energy calculated 

as the slope of the tan get 

Band gap (E ) energy calculated 
g 

as the intercept of the tan get 

RPV 

2.0 2.5 3.0 

Energy, eV 

3.5 

RPV is the resultant photovoltage where a is the in-phase and b is the 90° out of phase signals 
respectively. 
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APPENDIX B: SCREEN,.SH.OTS FOR FITIING PROGRAM FOR PARASITIC RESISTANCE 
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prepared ln(OH),Sy varied between 2.4 and 3.5 eV depending on the pH-value of the solution. 
1 n addllton, the band gap of the PbS could be widened to about 0.85 eV making the 
application as absorber for solar cells feasible. At present, corresponding solar cell devices 
reach short-ctrcuit current densities of about 8 mA/cm2 and open-circuit voltages of about 
0.3 v. 
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Temperature-dependent electrical characteriatlon of a highly 
structured TiOIJn(OH),S,IPb(OH)..S,IPEDOT PSS eta solar 
cell has been earned out The transport mechanism in this 
type of solar cell has been mvestigated. A schematic energy 
band diagram which explams the photoelectrical properties of 
the dev1ce has been proposed. The solar cell has been charac­
ten.ted in the temperature range 200-320 K at illumination 
mtensities between 0.05 mW/cm2 and 100 mW/cm2• The di­
ode ideality factor A under illumination has been found to vary 
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between 1.2 and 1.6, whereas in the dark 6.9 SA S 10.1. The 
device has been found to undergo a lhemmlly activated re­
combination under Illumination. while tunnellmg enhanced 
recombmation bas been established to dominate the current in 
the dark. The solar cell efficiency shows a logarithmic de­
pendence on illumination in the whole temperature range in­
vestigated, achieving its maxtmurn at an illumination of 
-45 mW!cm2. 
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A BSTRACT: A new highly structured ln(Oll}rS, Pb(OH),S,fPEDOT.PSS solar cell has been 

developed based 011 the ncn-el eta concept. and characterced by photovoltage spectroscop}: X-ra~ 

photoelectron spectroscop}. scanning electron spectroscopy. phorovoltaic response and quantr1m 

efficiency spectroscopy In tlus system, ln(0H),S1 PbS and PEDOT PSS serve as electron conductor. 

light photon absorber matertaf and hole conductor respectively. The electron conductor and absorher 

layer were prepared by chemical bath deposition, while the hole conductor was prepared by spm 

coating technique The band gap of as prepared /n(0/1) ,S has been found to \'Of) 111111 pH of the 

solution: furthermore the bandgap of PbtOH) ,S can be engineered to make it suitable as absorber 

material At preselll a solar cell device has been reali=ed with efficiency up to over 1%, J,, • 1 1.7 mA f 

cm1 and V =3.0 V 
« 

INTRODUCfJON 

One of the most important intentions in photo\oltaic 
research IS to reduce the cost of solar cell production. The 
concept of extremely thin absorber (eta) solar cells is 
closcl:r related to the concept of dye sensitized solar cell. 
In eta solar cell. an extreme I) thin layer of absorber material 
is sandw1ched beh-.een two wide bandgap materials. one 
n-type and the other p-typc, thus the process of light 
absorption followed by charge separation and carrier 
transport are separated in space. similar to dye sensitized 
solar cells [I - 3]. In th1s paper we report a new type of 
solar cell based on novel eta concept'' ith planar structure 
ofSnO f tln(OH),S, 'Pb(OH),S,IPEDOTPSS \\lth O\erall 
th 1ckness of approximately I 00 nm. In this solar cell, Indium 
hydro\yl sulphide. ln(OII),S,. is being used as the electron 
conductor. lead h)drox) sulphide. Pb(OI I),S,. and Poly 
(3A) eth) lenediox)thiophcne doped \\lth pOl) styrene 
sulfonic ac1d. PEDOT:PSS are used as the light photon 
absorber and hole conductor respectively. 

In this study the thin lilms of ln(OH),S, and Pb(OH),SY 
were characterized by scanning electron microscopy, 
spectral surface photo\'oltage and X-ray photoelectron 
spcctroscop) in order to get insight on surface and 
structural morphology and the layers composition. Current 

-voltage(!- V) and quanrum efficiency analyses \\ere also 
done to provide understandmg of the performance of the 
solar cells 

EXPERIMENTS 

The samples \\ere fabricated on TEC 15 SnO 1:f- ( P1lk1ngton) 
glass. Thin lilms of indium hydro:~.yl sulphide and lead 
sulphide were deposited by chem1cal bath deposition usrng 
the following methods: ln(OII),S, was prepared usrng the 
following precursor materials, 0.025 M lnCI1, 0. 1 M 
thioacetamide (TA ), and -.arying concentratiOn of 
hydrochloric acid (HCL) at Gmbll b.> sp1n coatrng 

technique. 

1 he surface morphology of the sample was studied using 
Carl Zeiss Leo 15 ~0 scanning electron rniscroscop). whrlc 
X-ray photoelectron spectroscopy analysis'' as done using 
VG CLAM 4 electron spectrometer. The surface 
photo\oltage study was done using a parallel plate 
capacitor arrangement with illuminatron provided by a 250 
W halogen lamp. ·1 he current- voltage characterization 
both in the dark and under illumination were performed at 

room temperature using a Ke1thle}237 high voltage source 
meter. and a halogen lamp from General Electric calibrated 
to give 100 mW'cm1 was used as source ofillumrnation 
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Abstract 
Light soaking characterization on complete Sn02:Fffi02/In(OH),S/ Pb(OH)xS/ PEDOT:PSS/Au. 

eta solar cell structure as well as on devices which do not include one or both Ti02 and or PEDOT· 

PSS layers has been conducted. Additionally, studies ofSn02:F/ In(OH),S/ Pb(OII),S> PEDOT:PSS Au 

solar cell have been performed. The power conversion efficiency and the short circuit current density 

have been found to increase with light soaking duration by a factor of about 1.6- 2 . 7 and 2.1 - 3 respectively. 

The increase in these two parameters has been attributed to filling up of trap states and or charge - discharge 

of deep levels found in ln(OH),S). These effects take place at almost fill factor and open circuit voltage 

being unaffected by the light soaking effects. 

Keywords: eta solar cell, Ti02, Pb(OH),S)-, ln(OH).S>, light soaking 
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